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The objective of this study is to engineer catalysts for the vapor-liquid-
solid (VLS) and Vapor-Solid-Solid (VSS) growth of one-dimensional 
nanostructures. 
 
Firstly, this study focuses on the large-area synthesis of Au nanoparticles 
with tunable size and distribution. A combined top-down (interference 
lithography) and bottom-up approach (agglomeration of thin Au film) was 
developed to enable the precise placement of Au nanoparticles into inverted 
pyramids on silicon surface. The size of the nanoparticles can be tuned effectively 
by varying the deposited Au layer thickness and the annealing temperature. For 
the sample annealed at 1000°C, the size of the nanoparticles was found to be 
smaller than those annealed at a lower temperature of 600°C. This was found to 
be predominantly due to desorption of Au atoms.  
 
The Au nanoparticles were used as catalysts for the growth of silicon 
nanowires via the Vapor-Liquid-Solid (VLS) mechanism. The nanowires are of 
vii 
 
uniform diameter, with one wire grown from each pit. The nanowires, however, 
are randomly oriented as a thin layer of native oxide exists between the Au 
particle and the pyramid wall. 
The patterning technique was further modified to precisely place Nickel 
nanopyramids into inverted pyramid array.  Plasma enhanced chemical vapor 
deposition (PECVD) technique was used for the growth of carbon nanofibers 
(CNFs) and carbon nanoneedles (CNNs). The effects of plasma power, 
temperature and gas ambient were examined on the formation of CNFs and CNNs. 
 
Finally, the field emission characteristics of the large area vertically 
aligned CNNS with pre-determined needle‘s diameter, spacing, length and tip 
sharpness were examined. We found that the optimum condition occurred when 
the interfiber-distance-to-fiber-height-ratio was equal to 1. This was consistent 
with other experimental data in the literature, but at variance with theoretical 
predictions. Possible reasons were proposed for this discrepancy between theory 
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Small is beautiful. 
 
Following Feynman‘s challenge that ―there is plenty of room at the bottom‖ 
[1], nanoscale materials are attracting growing interest due to their fascinating 
properties, compared to the  bulk materials, such as high effective surface area, 
catalytic activity and quantum confinement. Silicon nanowires (SiNWs), carbon 
nanotubes (CNTs) and carbon nanofibers (CNFs), in particular, received much of 
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Recent progress in nanomaterial synthesis has enabled the growth of 
Silicon nanowires with a range of sizes, growth directions, and surface structures 
[2]. These wires exhibit a significant size dependence of their electronic and 
optical properties [3]-[6], and are attractive candidates for photovoltaic devices, 
photodetectors, field-effect transistors [7][8], inverters [9], light-emitting diodes 
[10], and nanoscale sensors [11]. 
 
For Carbon nanotubes and Carbon nanofibers, since the discovery by 
Iijima [12], it has been systemically studied by many research groups and was 
found of good electrical and thermal properties [13], mechanical strength [14] and 
large height-to-radius ratio. Hence CNTs are considered to be promising 
candidates for many applications such as field emission displays, bio-sensors [15], 
energy storage devices, and photonic devices [17][18]. In addition, periodical 
CNTs/CNFs nanostructures have attracted extensive interest in both physical [19] 









Following successful studies of individual and/or random distributed 
nanomaterial,  patterning is of paramount importance in many areas for the 
modern nanoscience and nanotechnology with its applications ranging from the 
production of integrated circuits, information storage devices, and display units to 
the fabrication of microelectromechanical systems (MEMS), miniaturized sensors, 
micro-fluids devices, biochips, photonic bandgap crystals, micro-optical 
components, and diffractive optical elements [21].  
 
―Top-down‖ and ―bottom-up‖ are the typical methods used to pattern 
nanoscale structures and make nanostructured materials. Top-down fabrication is 
a subtractive process which produces nanostructures from a bulk material. In this 
approach, various types of lithography methods are used to pattern nanoscale 
structures, which include serial and parallel techniques for the patterning of 
nanoscale features over a wide area. On the other hand, bottom-up fabrication is 
an additive process that starts with precursor atoms, molecules or particles to 
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produce nanomaterials. This approach uses interactions between molecules or 
colloidal particles to assemble discrete nanoscale structures in two and three 
dimensions. 
 
Various top-down patterning techniques, conventional or unconventional, 
are developed, such as optical lithography, E-beam lithography (EBL), focused 
ion-beam lithography (IBL), nano-sphere lithography (NSL), porous anodized 
aluminum oxide templates (AAO) and nano-imprinting lithography (NIL). 
Among these techniques, some provide very good control of catalyst geometry 
and location, but are costly and produce small areas of device coverage (e.g. EBL 
and IBL). Others provide relatively large areas of device coverage but suffer from 
restrictions on the catalyst geometry and location (e.g. NSL, AAO) or the need for 
fairly complicated processes to change geometry parameters (e.g. new masks for 
different spacings in the case of NIL). Hence, one of the major research interests 
and challenges is how to synthesize large area precisely located nanomaterials 
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The objective of this project can be divided into several parts. Firstly, this 
study focuses on large-area synthesis of Au nanoparticles with tunable size and 
distribution. The Au nanoparticles allow the growth of silicon nanowires array 
with predefined diameters and locations on silicon surfaces via the Vapor-Liquid-
Solid (VLS) mechanism [22]. Secondly, large-area Ni nanopyramids array is 
synthesized by an improved method and then used to grow carbon nanofibers via 




1.3 Organization of Thesis 
 
This  thesis  is  organized  into seven  chapters,  with  the  first chapter 
being  the  introduction. Chapter 2 will cover the theoretical background and 
literature review on the methods used for the preparation of metal catalysts for the 
VLS growth of silicon nanowires and carbon nanotubes. 
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In Chapter 3, experimental details procedure will be presented. In addition, 
the different structural characterization techniques employed in this study will 
also be discussed. 
 
Chapter 4 will discuss the large-area synthesis of metal nanoparticles on 
silicon surfaces. The size and distribution of the particles agglomerated from thin 
Au films deposited on flat silicon surfaces will first be examined. This will be 
followed by the description of a combined top-down and bottom-up approach 
developed in this study for the precise placement of Au nanoparticle arrays on 
templated silicon surfaces. The effect of film thickness and annealing temperature 
on the size of the Au nanoparticles will be discussed in detail. This will be 
followed by the VLS growth of silicon nanowires catalyzed by the Au 
nanoparticles. As an oxide layer exists between the Au nanoparticles and silicon 
pyramids wall, its detrimental effect on the orientational control of the silicon 
nanowires will be discussed. Finally, a modified patterning method is proposed to 
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In Chapter 5, large-area vertically-aligned carbon nanofibers (VACNFs) 
and carbon nanoneedles (VACNNs) with different interfiber-distance-to-fiber-
height-ratio and fiber aspect ratio are synthesized from the Ni nanopyramids array 
via Plasma-Enhanced-Chemical-Vapor-Deposition (PECVD) method. Very sharp 
tipped of VACNFs were obtained and their field emission properties were 
systematically studied and compared to the results published in the literature.   
 
Chapter 6 will examine the effects of plasma power, temperature and gas 
ambient on the formation of Carbon nanofibers and Carbon nanoneedles during 
the PECVD growth and plasma-enhanced etching.    
 
Chapter 7 will provide a summary of the accomplishments of this project 
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One-dimensional nanostructures such as semiconducting nanowires and 
carbon nanotubes/carbon nanofibers are expected to play to key roles in the 
testing of fundamental quantum phenomena and related applications. Due to the 
enormous potentials of these nanoscale devices, they have been the objectives of 
intensive study over the past few years. [23] 
 
As the present research work is focus on the synthesis of silicon nanowires 
or carbon nanotubes with precise control on the size and location of the 
nanostructures, we will review in this chapter, firstly, the existing techniques in 
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synthesis of silicon nanostructures with special emphasis on the methods to 
control the sizes and location. The second part of this chapter will be 
concentrating on the synthesis of one-dimensional carbon nanostructures, the 
growth mechanism of carbon nanotubes and carbon nanofibers. This will be 





2.2 Bottom-up synthesis of ordered metal 
particle as catalyst on silicon  
 
Even though the Vapor–Liquid–Solid (VLS) growth method was first 
developed in the 1960s [24], there has been a renewed interest in this method for 
growing nanowires. Many of these studies were devoted to the silicon nanowires 
growth catalyzed by metallic eutectic particles, generally gold (Au), via the VLS 
process [25]. This technique consists of the absorption of a source material (e.g. 
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silane) from the gas phase into an Au liquid droplet. When this liquid alloy 
becomes saturated, a silicon solid precipitate is generated and serves as a 
preferred site for further deposition. While the gas flow is maintained, the source 
material diffuses through the molten Au-Si droplets and grows epitaxially at the 
liquid-solid interface. 
 
The VLS mechanism can be divided into three main stages: nucleation, 
precipitation and deposition. In the nucleation stage, nanosized metallic particles 
are formed on a substrate (Figure 2-1 (A)). These particles can either be formed 
by laser ablation or by annealing a very thin metallic film above the eutectic 
temperature in order to break it into discrete islands.  Then the source material 
carrier gas, generally silane (SiH4) or tetrachlorosilane (SiCl4) is introduced into a 
chamber maintained above the eutectic temperature (Figure 2-1 (B)). The 
background pressure is used to control the catalyst size, and the temperature of the 
tube has to be adjusted in order to maintain the catalyst in the liquid state. Then 
the silicon diffuses through the catalyst droplets (Figure 2-1 (C)). When the 
eutectic alloy becomes saturated, silicon precipitates at the liquid-solid interface; 
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this is the precipitation (Figure 2-1 (D)). This site is important because it will be a 
preferred site for further deposition of silicon. 
 
Figure 2-1: Schematic drawing of the VLS mechanism: (A) diffusion of silicon 
species from the vapor source, (B) incorporation, (C) diffusion through the liquid 
droplet, and (D) crystallization [25] [26]. 
 
Hence, the metal nanoparticle has a major role in the VLS nanowire 
growth as it determines the location and diameter of the nanostructures. The most 
adopted method for the preparation of the metal catalyst for the VLS growth of 
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silicon nanowires is via the agglomeration of a thin metal film deposited on a flat 
substrate [27]. Inevitably, the nanowires that are subsequently grown exhibit a 
very wide distribution of sizes and spacing, due to the poor control of the size and 
spacing of metallic nanoparticle catalysts associated with the dewetting method. It 
is of both fundamental and practical importance to synthesize nanowires or 
nanotubes of uniform size and spacing on silicon substrates. Moreover, it is 
obvious that well-defined nanowires growth on silicon substrates will provide a 
significant leap in the direction of the realization of nanoelectronic devices. 
 
Recently, a technique for modifying the dewetting process to create 
narrower definition in both the spatial and size distributions has been reported [28] 
[29]. This method made use of the laser interference lithographically defined 
topography in silicon substrates to alter the dewetting behavior of thin metallic 
films. It was found that by using various configurations of inverted pyramidal 
topography, four major types of island morphology can be obtained by the 
dewetting of a thin gold film: multiple particles formed per pit with no ordering, 
one particle per pit in ordered arrays with large particles on mesas, ordered arrays 
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of one particle per pit with no extraneous particles, and random particle arrays 
that do not interact with the topography (see Figure 2-2). 
 
Figure 2-2: Representative micrographs of the four major categories of dewetting 
on topography that were observed. (A) Multiple particles formed per pit with no 
ordering, 377 nm period substrate topography with 16nm thick film. (B) Ordered 
arrays of one particle per pit with no extraneous particles, 175 nm period narrow-
mesa substrate with 21 nm thick film. (C) Film not interacting with topography, 
175 nm period wide-mesa substrate with 21 nm thick film. (D) Ordered arrays of 
one particle per pit with particles on mesas, 175 nm period wide-mesa substrate 
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By using similar method, a patterned Co nanoparticles array [30] is 
recently synthesized from silicon inverted pyramid template, as show in Figure 
2-3.  
 
Figure 2-3: SEM images showing the appearance of dewetted Co films on 
patterned substrates on annealing at a) 600 and b–e) 850 ºC. The samples shown 
in (a), (b), (d) and (e) were made by using template C (pit-to-mesa ratio ≈5.7) and 
the sample in (c) was made with template A (≈2.5). Co thickness: a–c) 15, d) 8, 
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The above templated dewetting technique provides a route to the 
fabrication of ordered nanoparticle arrays in which both the size and location of 
the particles can be controlled. However, it requires careful control in terms of 
film thickness, pit-to-mesa width ratio and spatial period of the inverted 
pyramidal structures in order to produce ordered arrays of one particle per pit 
without extraneous particles. Without proper control of these parameters, the 
dewetted film would either become multiple particles per pit with no ordering, 
one particle per pit in ordered arrays with large particles on mesas, or random 
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2.3 Synthesis of ordered vertically-
aligned carbon nanotubes (CNTs) and 
carbon nanofibers (CNFs) 
 
Since their discovery in 1991 by Iijima and coworkers [31], carbon 
nanotubes have been investigated by many researchers all over the world.  
However, the way in which nanotubes are formed is not exactly known. The 
growth mechanism is still a subject of controversy, and more than one mechanism 
might be operative during the formation of CNTs. For supported metals, such as 
nickel, cobalt or iron, carbon nanotube can form either by ―extrusion‖, also 
known as root-growth mechanism [32] (Figure 2-4 A), in which the nanotube 
grows upwards from the metal particles that remain attached to the substrate, or 
the particles detach and move at the head of the growing nanotube, labeled as tip-
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Figure 2-4: Schematic demonstration of CNT (A) root growth mechanism and (B) 
tip growth mechanism. 
 
Helveg et al. carried out TEM experiments for the tip-growth mechanism, 
in which in-situ observations of CNF growth were made [34]. They observed a 
liquid-like oscillation in the shape of the Ni catalysts at the CNT tips, and found 
that this oscillation was associated with the formation of cup-in-cup structures.  
They demonstrated that these shape oscillations occurred even though the Ni 
remained crystalline, and argued that the Ni catalysts elongated as they wet the 
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tube at both the top cap and the cup.  The energy at Ni/graphene surface held 
them in contact until the cost of the increased surface exceeded the cost of 
breaking contact between the Ni and the bottom cap (as shown in Figure 2-5). The 
underlying idea here is when the Nickel catalyst keeps on elongating, it changes 
from the ball shape to rod shape and hence the surface area increases which 
increases the surface energy cost. This elongation will be kept on until the 
moment when the surface energy required to break the Ni bottom contact (the 
generation of new Nickel bottom surface needs energy) is less than any further 
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Figure 2-5: Image sequence of a growing carbon nanofiber. Images a–h illustrates 
the elongation/contraction process. Drawings are included to guide the eye in 
locating the positions of mono-atomic Ni step edges at the C-Ni interface. The 
images are acquired in situ with CH4:H2 = 1:1 at a total pressure of 2.1 mbar with 
the sample heated to 536.8 ºC. All images are obtained with a rate of 2 frames per 
seconds. Scale bar 5 nm. [12] 
 
Carbon Nanofibers (CNFs) are closely related with Carbon Nanotubes 
(CNTs), but their atomic configurations are quite different [35]. A single-walled 
carbon nanotube (SWCNT) is a rolled-up single graphene sheet which is made up 
of benzene-type hexagonal rings of carbon atoms. A multiwalled carbon nanotube 
(MWCNT) is a stack of graphene sheets rolled up into concentric cylinders. The 
wall(s) of both SWCNT and MWCNT are parallel to the central axis (α = 0) 
where α is the angle between the graphite planes and the tube axis, as shown in 
Figure 2-6 (A). A special case of MWCNT is the structure with a nonzero value 
for α, shown is Figure 2-6 (B), which is a multiwalled carbon nanofiber (MWCNF) 
but commonly called a carbon nanofiber (CNF) [36]. The CNF structure may 
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Figure 2-6: Schematic structure of carbon nanotubes and carbon nanofibers. (A) 
Nanotube and (B) Stacked cone nanofibers. 
 
 
Due to the different atomic configuration, the electrical, mechanical and 
chemical properties for CNTs and CNFs should not be expected as the same. The 
CNFs nanostructure is assembled from graphene layers that are relatively short 
and poorly connected, so the electrons transport along the nanofiber with a>0 is 
determined by both ―in-plane‖ and ―interplane‖ components that are quite 
different. The same is true for mechanical properties since the van der Waals 
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bonding between the graphene planes differs drastically from the in-plane 
covalent bonding of true nanotubes. Similarly, the chemical properties of 
nanofibers and nanotubes are quite different since defect-free nanotube walls do 
not contain the exposed edges and unsaturated bonds of graphene planes, and as a 
result nanotubes are far less reactive than nanofibers. Figure 2-7 provides SEM 
and TEM images of SWCNT, MWCNT and CNF, respectively.   
 
 
Figure 2-7: SEM images of (A) SWCNT, (B) MWCNT and (C) CNF; TEM 
images of (D) SWCNT, (E) MWCNT and (F) CNF. 
 
For the most CNTs/CNFs applications, such as field-emission display, 
microwave amplifier, parallel electron-beam lithography, nanoelectronics, 
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nanophotonics, and scanning probe microscopy, it is very important to control the 
position, spacing and length of CNTs/CNFs array into vertically-ordered array. 
There are a few studies to synthesize CNTs/CNFs array with relatively good 
control of tube or fiber geometry, location, and density by using different catalyst 
patterning methods. These catalyst patterning techniques include (Figure 2-8):  
electron beam lithography (EBL) [37] [38], nano sphere lithography (NSL) [39], 
nano imprinting lithography (NIL)
 
[40], the use of porous anodized aluminum 
oxide templates (AAO) [41] [42] and photolithography [48]. 
 
Among these techniques, some provide very good control of catalyst 
geometry and location, but are costly and produce small areas of device coverage 
(e.g. EBL). Others provide relatively large areas of device coverage area but 
suffer from restrictions on the catalyst geometry and location (e.g. NSL, AAO) or 
the need for fairly complicated and expensive processes to change geometry 
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Figure 2-8: SEM images of ordered vertically-aligned carbon nanotubes and 
carbon nanofibers array synthesized by (A) (B) E-beam lithography, (C) nano-
sphere lithography (D) nanoimprinting lithography (E) Anodized Aluminum 
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For some particular applications, such as field emission display, a sharp 
tip of CNT/CNF can dramatically enhance localized electric field and hence 
reduce turn-on voltage and energy consumption. Several studies demonstrated a 
way to synthesize carbon nanocones (CNCs) or carbon nanoneedles (CNNs) via 
root-growth mechanism [43]-[47].  Firstly, an N-type silicon wafer (100) was 
coated with a 30nm thick nickel film and then placed in a DC-PECVD system. 
Reactive gases Ar, H2 and CH4 were then introduced into the chamber 
sequentially and substrate temperature fixed at 500 ºC. After Ni film agglomerate 
into islands (Figure 2-9 (A)), growth process began and was divided into three 
major stages. During Stage I (primary nanocone growth stage), an array of 
primary nanocones was formed on the large catalyst islands which grow due to 
the carbon adatom supply from the substrate surface to the nanocones through the 
metal catalyst, as well as by the deposition of ions and atoms delivered from the 
plasma to the nanocone surfaces, as shown in Figure 2-9 (B). In Stage II (direct 
growth stage), since the primary nanocones keep growing, their height and base 
radius increase and finally the large catalyst islands become completely covered 
with carbon, as illustrated in Figure 2-9 (C). Hence, carbon adatoms no longer can 
penetrate into the large metal catalyst islands and are thus unable to incorporate 
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into the primary nanocone structure through the catalyst. Instead, carbon adatoms 
are forced to diffuse about the nanocone surfaces and hence migrate back from 
the nanocone walls to the silicon substrate surface, which facilitates the small 
catalyst islands to grow secondary nanocones. The growth rate of the secondary 
nanocones is higher compared to the primary nanocones. Therefore, the two 
nanocone arrays tend to be equalized and bring the growth into the Stage III 
(equalization stage). At this stage, the two (primary and secondary) nanocone 
arrays equalize completely and the dispersion of their height sand base radii tend 
to be minimized due to the concurrent ion sputtering and nanostructure growth.  
 
 
Figure 2-9: Carbon nanocone growth on a Ni catalyst particle. (A) Nickel film 
agglomerates into different size islands; (B) catalyzed growth stage; carbon 
adatoms diffuse through Ni catalyst particle; and (C) direct growth stage; carbon 
adatoms diffuse about the nanocone‘s surface. [46] 
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A simulation work [46] has been performed to model above growth 
processes, as shown in Figure 2-10.  
 
 
Figure 2-10: Simulated nanocone arrays. (A) The primary nanocone arrays on an 
islanded catalyst film; (B) the primary nanocone array and secondary self-
assembled nanocones between the primary nanocones; and (C) the final equalized 
pattern. Insets show the corresponding experimental patterns [46]. 
 
The above mentioned study suggests a way to synthesize carbon 
nanostructures with sharp tips. However, it has three main drawbacks. Firstly, the 
process is total dynamic and will not be well controllable. Secondly, a uniform 
nanocone arrays, in terms of length and diameter, will be only available after 
Stage III (equalization stage), which takes around 20 mins [46]. Within the period 
of time, both primary and secondary CNCs are growing (at different speed 
though). And hence, there is a length limitation of uniform CNCs—it has to be 
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relatively long. Finally, the process is wholly based on ―root-growth‖ mechanism 




2.4 Field emission studies of ordered 
vertically-aligned carbon nanotubes 
and carbon nanofibers 
 
Field electron emission, described by quantum mechanics, consists in the 
extraction of electrons from a conducting solid by an electric field. When the 
conductor and/or semiconductor are shaped as a tip, the electric field lines are 
concentrated around the tip and the local electric field is enhanced. This 
geometrical enhancement of the electric field is used in field emitters to allow 
extraction of electrons from sharp tips at relatively low macroscopic electric fields. 
The Fowler-Nordheim model [49]-[51] was used to describe field emission as 
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-3/2μm-1), respectively. The field enhancement factor β in the FN equation 
reflects the degree of FE enhancement of a tip over a flat surface: it represents the 
true value of the electric field at the tip compared to its average macroscopic 
value.  
 
For a nanostructural emitter, the β value is related to the geometry, crystal 
structure, conductivity, work function, and nanostructure density. 
 
 
Figure 2-11: Schematic demonstration of (A) F-N tunneling and (B) CNT filed 
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Since 1995, Carbon nanotubes (CNTs) have captured great attention as 
cold cathode field emission devices [52] which can achieve efficient electron 
emission under low operating voltages due to the high aspect ratio (as shown in 
Figure 2-11). The pioneer works are restricted into CNTs film [53] or random 
vertically-aligned CNTs/CNFs array [54], as shown in Figure 2-12. 
 
Figure 2-12: SEM images of: (A) CNTs film [53] and (B) random VACNTs array 
[54]. 
 
Theoretical investigation of CNTs field emission also attracted a few 
researchers.  One most well-known study was done by Nilsson et al. [55] on the 
influence of the spacing between adjacent CNTs and they proposed that the 
―Screening Effect‖ can significantly deteriorate field emission characteristics of 
CNT arrays. This study had been widely cited by researchers working in this field. 
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Nilsson et al.‘s theoretical study was based on a two-dimensional simulation of 
thin (2 nm in radius) CNTs, and arrived at a conclusion that the optimum field 
emission performance could be achieved at a ratio of intertube distance (D) to 
tube length (l) equal to two.  
 
Recently, a three-dimensional simulation study on field emission from 
CNTs found that the best field emission enhancement requires a ratio of intertube 
distance (D) to tube length (l) equal to three [56].  
 
 
Figure 2-13: Theoretical simulation results from (A) Nilsson et al. [55] and (B) 
Smitha et al. [56]. 
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  Researchers had tried to experimentally determine the optimum geometry 
configuration of separated vertically-aligned CNTs array [41] [42] and ended up 
with conclusions that the optimum field emission performance could be achieved 
at a ratio of intertube distance (D) to tube length (l) equal to one, which varied 
from the simulation results, probably due to: (i) the theoretical prediction was 
based on a two-dimensional electrostatic simulation of CNT/CNF arrays (a line of 
emitters) while experimental results were obtained from three-dimensional arrays, 
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In this chapter, detailed experiment procedures employed for the 
preparation and characterization of nanostructures are discussed. These processes 
include thermal oxidation, spin-coating of photo-resist, Lloyd‘s Mirror 
interference lithography, etching of silicon oxide, anisotropic etching of silicon, 
lift-off, thermal evaporation, furnace annealing, and catalytic etching of silicon. 
Finally, the details of the structural characterization techniques used in this work 
will be presented. The techniques involved are ellipsometry, step-profiling, 
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3.2 Wafer Cleaning 
 
Two-inch n-type silicon wafers were used as substrates in this work.  The 
wafers were of <100> orientation and had a resistivity of 4 – 8 Ωcm-1. In order to 
eliminate the samples from possible contaminations, the wafers were cleaned by 
immersing cassettes of 10 wafers into RCA solutions, and heating them at 80 – 
90 °C for 15 min. The exact procedure will be outlined below. 
 
The wafers were firstly cleaned using RCA I solution, which is a high pH 
solution consisting of hydrogen peroxide (H2O2), ammonium hydroxide (NH4OH) 
and de-ionized (DI) water in the proportion of 1:1:5 by volume. This oxidizes 
organic films and complexes Group I and II metals as well as other metals, such 
as Au, Ag, Cu, Ni, Zn, Cd, Co and Cr [1]. The solution was mixed and then 
heated up to 80 – 90 °C before the wafers were immersed into the solution for 15 
min. The wafers were then rinsed in DI water with nitrogen (N2) bubbler for 
another 10~15 min. The RCA I solution slowly dissolves the thin native oxide 
layer on Si and continuously grows a new oxide layer by re-oxidation. This 
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combination of etching and re-oxidation helps to dislodge particles from the wafer 
surface [1].  
 
RCA II is a low pH solution consisting of hydrochloric acid (HCl), H2O2 
and DI water in the proportion of 1:1:6 by volume. This solution removes alkali 







 which form insoluble hydroxides in basic solutions of RCA I [1]. It serves 
to remove the ionic and heavy metal contaminants on the wafer. The RCA II 
solution was then heated up to 80~90°C before the wafers were immersed in the 
solution for 15 min. The wafers were then rinsed with DI water with nitrogen (N2) 
bubbler for another 10~15 min. 
 
The hydrogen peroxide in the RCA I and RCA II cleaning procedures 
caused the surfaces of the wafers to be coated with a layer of oxide of 1~2 nm due 
to its high oxidizing nature. Furthermore, it is well established that silicon 
exposed to oxygen or air ambient forms a thin native oxide layer on its surface 
even at room temperature. Such native oxides can grow up to a thickness of 
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around 0.5~1 nm. To remove this layer of oxide prior to subsequent processing, 
the wafers are immersed in a 10% hydrofluoric acid (HF) for around 20 sec. Then, 
the wafers were immersed in DI water with a nitrogen bubbler for 20 minutes to 
remove the remaining HF acid. The wafers were then blown dry using nitrogen 
gas from a nitrogen gun and were ready for the next processing step. Wafers that 
were scratched or with defects after the entire wafer cleaning process were not 




3.3 Thermal Oxidation and Annealing 
 
Comparing to other methods, thermal oxidation is relatively easy to 
control and thermal oxide is more uniform and denser [1] which is congruent with 
the desired properties of oxide etch mask needed in this study. 
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Figure 3-1: Schematic drawing of thermal oxidation system used in this study. 
 
In this work, the thermal oxide was grown using pure oxygen at 900 °C. 
Dry oxidation was used instead of wet oxidation as it is easier to accurately 
control the oxide thickness, with a standard deviation of 1~2 nm.  
 
Figure 3-1 depicts the thermal oxidation system. Measurement of the 
thickness of the thermally grown oxide using an ellipsometer revealed that the 
oxide thickness between the different wafers were within 1%. 
 
The purpose of furnace annealing is to provide the energy for the metal 
atoms to diffuse and allow the dewetting process of metallic nanoparticles to take 
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place. In semiconductor device fabrication, furnace annealing is used for other 
purposes as well. Amongst these is heating in order to activate dopants and repair 
damage from implants. As this step provides the energy for the agglomeration of 
thin metal film, it can be considered as an important step in the fabrication 
process, since the control of the related parameters directly affects the size and 
distribution of metallic nanoparticles. 
 
 
Figure 3-2: Schematic diagrams depicting the equipment for furnace annealing. 
 
 Figure 3-2 shows a schematic drawing of a horizontal furnace used to 
anneal the samples. The wafers are loaded onto a quartz carrier. The carrier is 
then moved into the furnace by an automated loading system. The furnace itself is 
divided into three zones for temperature control. The outer zones are designed to 
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compensate heat loss out to the ends of the tube, so that a long central section 
with uniform temperature can be maintained [57]. In order to minimize the large 
thermal gradients across the wafers, the wafers are loaded into the furnace at a 
moderate ―boat‖ speed. This minimizes thermal stress on the wafers, which could 
possibly affect the size distribution of the metallic nanoparticles. 
 
There are three important parameters that may affect the evolution of 
metallic nanoparticles: annealing ambient, temperature and duration. In this study, 
furnace annealing was carried out in nitrogen or forming gas (90% nitrogen, 10% 
hydrogen) ambient, with the temperature varied from 600 to 1000 °C, and 
annealing duration of 60 min. This technique was employed, primarily as a 
material study to observe the difference in the size and distribution of metallic 
nanoparticles at different annealing temperatures, which would be affected by the 
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3.4 Photoresist coating 
 
The resist used in this study was Ultra-i 123 (positive resist) and TSMR-
iN-032 (negative resist). It was coated onto the substrate via a spin coater. Prior to 
the spinning process, a few droplets of photo-resist were applied to the surface of 
the silicon until it was sufficient to cover the 80% of the surface area of the whole 
wafer. 
 
The spin coating is basically a two-step process. The first step consists of a 
20 sec spinning interval at 2000 rpm to ensure the deposited photo-resist spreads 
out uniformly over the entire surface of the sample. The second step consists of an 
120 sec spin coating at 4000 rpm, and this step determines the final thickness of 
the spin-coated photo-resist. In this study, the resist thickness was calibrated as 
around 200nm by using a step profiler to ensure the consistency in the thickness 
of the resist layer. This was then followed by a soft-bake process. The hotplate‘s 
temperature was set at 110°C and the duration of the soft bake is 2 minutes. The 
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purpose of soft bake is to evaporate off excess solvent within the photo-resist, as 
well as improve the adhesion of photo-resist to the sample. 
It should be noted that, due to the surface tension, photoresist is always 
not uniform distributed at the wafer edge. However, in the subsequent exposure 
experiment, the edge is inside the effective area and hence thickness non-
uniformity would be a big problem for consistency. To solve this problem, a two-
inch wafer was firstly spin-coated and then cut into 9 (1.5 mm×1.5 mm) samples 
and all of these sample at least have two sides are not from the edge which 
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3.5 Lloyd’s Mirror interference 
lithography 
 
Interference lithography was used to define the pattern on the resist layer, 
as this technique can easily cover a large area of substrate within a short period of 
time. It was carried out by using the Lloyd‘s mirror setup with a 325 nm helium-
cadmium (He-Cd) continuous wave laser as the light source. The He-Cd laser 
offers a long coherence length at a UV wavelength and at a lower cost than other 
available options, such as excimer lasers. No mask is required as it is based on the 





~ 42 ~ 
 
Figure 3-3: Experimental setup for Lloyd‘s Mirror Interference Lithography. 
 
Figure 3-3 shows the experimental setup of the Lloyd‘s mirror 
interferometer. The laser beam was directed to the spatial filter which allows 
noise to be removed away from the beam to provide a clean Gaussian profile. 
After the spatial filter, the beam is allowed to expand over a length of 
approximately 1 meter. The large beam expansion in the Lloyd‘s mirror is 
somewhat of a trade-off, but in this case, the gain is greater than the loss. As a 
Gaussian beam expands, it changes in three ways: (1) the intensity of the beam 
decreases, (2) the diameter of the beam increases, and (3) the radius of the phase 
front increases. Lowering the intensity leads to increased exposure time, but this 
is not causing any issues due to the inherent stability of the system. Because of the 
Gaussian intensity profile, increasing the beam diameter means that the intensity 
will be more uniform over the exposed area. Finally, the increase in radius of the 
beam diameter means that the beam approximates more closely to a plane wave 
over the exposure area. An aluminum square mirror (99% UV reflectance) is used 
to reflect the beam to the substrate because of its enhanced UV reflectivity 
compared to other metals, and for its essentially constant reflectivity over a broad 
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range of angles. Though a higher reflectivity can be obtained with a dielectric 
mirror, the variation in the reflectivity with angle can be significant. The 
intersection point of the mirror and wafer is aligned with the axis of a rotation 
stage, and this allows for easy variation of the grating‘s spatial period. Because 
the center of the mirror/substrate assembly remains on the optical axis, further 
alignment of the optics is unnecessary. This feature is a distinct advantage over 
the Mach-Zehnder style system, where changing the period requires physically 
moving and re-aligning the two arms of the interferometer [58]. The light from 
the original beam would interfere with the light reflected off the mirror to form a 
standing wave pattern which can be recorded in the photo-resist. This generates a 
pattern of lines in the resist with a period equal to λ/2sinθ, where λ is the 
wavelength of the light, and θ half the angle between the two beams. 
Development of the exposed photo-resist was performed using the CD 26 
(for positive resist), or NMD 032(for negative resist) developer. The exposed 
sample was immersed into the developer for a duration of ~60 sec. After which 
the sample was removed and flushed with DI water. The final step involves the 
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3.6 Etching of Silicon Oxide 
 
The objective of this step is to selectively remove the SiO2 that is 
unprotected by the photo-resist layer. This was done in order to transfer the 
pattern from patterned photoresist to the silicon oxide layer. An aqueous solution 
of 0.5% Buffered Hydrofluoric Acid (BHF) was prepared to selectively remove 
the SiO2 layer at a controllable rate. BHF is a wet etchant primary used in etching 
thin films of silicon dioxide (SiO2). It is comprised of a mixture of a buffering 
agent, such as ammonium fluoride (NH4F), and hydrofluoric acid (HF). A 
common buffered oxide etching solution comprises a 6:1:4 volume ratio of DI 
water to 49% HF in water to 40% NH4F in water. Concentrated HF (typically 49% 
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water) etches silicon dioxide too quickly to get a good process control. BHF is 
commonly used for more controllable etching of thermally grown oxide at 
approximately 2 nanometers per second at 25 ºC. 0.5% BHF has an etching rate of 
thermally grown oxide at approximately 5 nanometers per minute at 25 ºC, which 
is a less duration sensitive process. 
 
In carrying out the etching step, several parameters have to be controlled: 
(i) etching duration, and (ii) selectivity of the material to be etched. Through 
repeated experiments, it was found that an aqueous solution of 0.5 % BHF yielded 
the best results and the etching duration used was around 2 min for the removal of 
a 10 nm thick SiO2 layer. Reasonable over-etching is required as the aim is to 
completely remove the unprotected oxide area so that the remaining oxide can be 
used as an etch mask for subsequent KOH etching. However, excessive over-
etching will result in severe undercut of the oxide underneath photoresist, as 
shown in Figure 3-4 . This side-effect will broaden the size of SiO2 hole and 
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Figure 3-4: Demonstration of (A) proper HF etch silicon dioxide and (B) undercut 
Silicon dioxide due to excessive etch. 
 
After the etching process, the samples were blown dry by using a nitrogen 
gun. HF was used as the etchant as it provides the required selectivity in this wet 
etching process. HF provides fluorine that is required to etch SiO2 by the 
following overall reaction given by: 
4F (aq) + SiO2 (s)    SiF4 (g) + O2 (g)  
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SiF4 has a very low melting point of -86 °C. This makes it highly volatile 




3.7 Anisotropic etching of Silicon 
 
The objective of anisotropic etching is to selectively remove the area of 
silicon that is unprotected by the oxide mask. The etchant used for this anisotropic 
etching of silicon is 30% Potassium Hydroxide (KOH). As KOH is known to etch 
the (100) plane of silicon much faster than (111) plane [60], the resulted structure 
is an inverted pyramid bound by four Si (111) plane after the stop etch is achieved, 
as shown in Figure 3-5. 
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Figure 3-5: Schematic diagrams depicting the fabrication of inverted pyramid 





3.8 Metal film deposition by Evaporation  
 
In the thermal evaporation process, the material is heated until fusion by 
means of an electrical current passing through a filament or metal plate where the 
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material is placed. The evaporated material is then condensed on the substrate. 
This technique is simple and appropriate for depositing metals and some 
compounds with low fusion temperature (Al, Ag, and Au etc.). 
 
Typical metals used as heating resistance are tantalum (Ta), Molybdenum 
(Mo) and tungsten (W), with vapor pressure practically zero at the evaporation 
temperature (1000 ~ 2000 °C). A scheme of the deposition equipment used in the 
laboratory is shown in Figure 3-6. 
 
 
Figure 3-6:  Schematic drawing of a thermal evaporator. 
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In an Electron Beam Evaporation system, as shown in Figure 3-7, the 
deposition chamber is evacuated to a pressure of 10
-4
 Torr. The material to be 
evaporated is in the form of ingots. Electron beams can be generated by 
thermionic emission, field electron emission or the anodic arc method. The 
generated electron beam is accelerated to a high kinetic energy and focused 
towards the ingot. When the accelerating voltage is between 20 kV – 25 kV and 
the beam current is a few amperes, 85% of the kinetic energy of the electrons is 
converted into thermal energy as the beam bombards the surface of the ingot. The 
surface temperature of the ingot increases resulting in the formation of a liquid 
melt. Although some of incident electron energy is lost in the excitation of X-rays 
and secondary emission, the liquid ingot material evaporates under vacuum. 
 
The ingot itself is enclosed in a copper or carbon crucible, which is cooled 
by water circulation. The level of the molten liquid pool on the surface of the 
ingot is kept constant by vertical displacement of the ingot.  
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 Figure 3-7: Schematic drawing of an electron beam evaporator. 
 
Compared to thermal evaporator, an electron beam evaporator is able to 
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3.9 Lift-off  
 
Lift-off is performed to transfer the pattern from the resist layer to a layer 
of metal film. After the patterning was done on the photoresist by using laser 
interference lithography, a layer of thin metal film was evaporated on the top of 
the patterned photo-resist. Lift-off was then performed by using acetone at room 
temperature with the help of ultrasonic agitation. A negative image of the resist 
can be transferred to the metal film by using this method. An illustration of lift-off 
process is shown in Figure 3-8. 
 
It should be noted that, based on practical experience, the maximum metal 
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3.10 Measurements of film thickness  
 
Ellipsometry is a non-destructive, effective and quick optical technique to 
measure the thickness and optical properties of extremely thin films, or layers. In 
this study, the ellipsometer has been exclusively used to analyze the thickness of 
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the thermally grown oxide layer. The operational principle of an ellipsometer is 
illustrated by the schematic drawing shown in Figure 3-9. 
 
 Figure 3-9: Schematic drawing of an ellipsometer. 
 
The ellipsometer works by shining a well-defined source of Helium-Neon 
laser at the wavelength of 632.8 nm on the sample and capturing the reflection 
signal by a detector. The laser beam goes through a polarizer first, so that only 
light orientated in a known direction is allowed to pass. It then goes through a 
compensator, which elliptically polarizes the light beam. Note that the 
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compensator is not shown in Figure 3-9. The remaining light is then bounced off 
from the sample under study. 
 
The ability to measure the thickness of the dielectric layer is due to Snell‘s 
Law. When a beam of light strikes the thermal oxide, some reflects immediately 
(reflected beam 1), and some passes through to the thermal oxide before being 
reflected (reflected beam 2). By measuring the difference between the two 
reflections, the thickness of the thermal oxide can be determined. Furthermore, 
the reflected light also undergoes a change in polarization, which can be used to 
measure the optical properties of the thin film. 
 
For the ellipsometer to function accurately, the materials being examined 
must satisfy certain physical properties. The sample must be composed of a small 
number of well-defined layers. The layers must be optically homogeneous and be 
able to reflect significant amounts of light. If any of these requirements is violated, 
the standard procedures do not work. In this study, the interface between the SiO2 
thermal oxide and the crystalline Si is well defined and reflective. Therefore, this 
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method has been employed as an effective method to determine the thickness of 
the thermal oxide. 
 
To ensure that the spin-coated photo-resist has a consistent thickness after 
the spin-coating process, a portion of the photo-resist is removed and the 
thickness of the resist is measured by using a step profiler, as shown in Figure 
3-10. This step is necessary to determine the exact exposure and resist 
development time, so that consistent structures can be created from batch to batch. 
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3.11 Scanning Electron Microscopy  
 
Electrons from a thermionic, or field-emission cathode are accelerated 
through a voltage difference between cathode and anode (from as low as 0.1 keV 
to as high as 30 keV). The smallest beam size at the virtual source with a diameter 
in the order of 10 ~ 50 μm for thermionic emission, and a diameter of 10 ~ 100 
nm for field emission guns, is demagnified by a two or three stage electron lens 
system so that an electron probe of diameter 1 ~ 10 nm is formed at the specimen 
surface. Figure 3-11shows a typical SEM system configuration. 
 
 Figure 3-11 Schematic drawing of a typical SEM system. 
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Primary electrons that are striking the sample generate secondary electrons 
(SE), backscattered electrons (BSE) and Auger electrons (AE). SE and BSE are 
usually collected, amplified and detected with a scintillator-photomultiplier 
detector. Scanning electron microscopy (SEM) and Auger spectrometers use 
similar primary electron columns. In fact, SEM capabilities are usually 
incorporated into an Auger instrument. Separated detectors are required for 
secondary and backscattered electrons. To produce images, these electron signals 
are measured as a function of primary beam position while the beam is scanned in 
a raster pattern over the sample. 
 
Interaction of the primary beam with the sample creates an excitation 
volume, in which electrons are scattered through elastic and inelastic scattering. 
Electrons in elastic collisions that are losing only a small fraction of their original 
energy, but undergo large-angle deflection are known as BSE (backscattered 
electrons). Inelastically scattered electrons that lose much of their original energy 
and those with energy less than 50 eV are known as SE (secondary electrons). SE 
provides information on surface topography, and it is also used in voltage contrast 
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imaging. BSE on the other hand, provides information on topography and 
material, while AE provides information on the chemical composition of thin film 
and it is usually used in surface analysis. The SEM resolution depends on the 
smallest electron probe spot achievable, while the signal-to-noise ratio is 
determined by the electron probe current, which decreases with probe spot size. 
Therefore, electron optics in SEM are designed to achieve the smallest electron 
spot with maximum current. The SEM analysis in this work was performed using 
a Hitachi S4100 and a Philips XL30 field emission SEM. An accelerating voltage 
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Chapter 4                                                  
Synthesis of precisely located Au 
nanoparticle array on silicon 









Metallic nanoparticles are of interest for a wide range of applications, 
including magnetic memory arrays [63], plasmonic waveguides [64] and as 
catalysts for the growth of nanowires or nanotubes [65]-[69]. In the synthesis of 
semiconductor nanowires and carbon nanotubes via the Vapor-Liquid-Solid (VLS) 
or Vapor-Solid-Solid (VSS) method, metallic nanoparticles are used as catalyst 
for growth.  The size and location of semiconductor nanowires and carbon 
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nanotubes are critically controlled by the size and locations of the nanoparticles 
[70] [71]. As nanowires and nanotubes are potential building blocks for future 
nanoscale devices and systems, the controllable growth of these nanostructures is 
becoming increasingly important as conventional silicon technology faces the 
technical limitations of continuous shrinkage in dimensions.  
 
Various research groups have carried out investigations on the possible 
methods to control the size or the location of the metal nanoparticles. The most 
common techniques involve the top-down approaches, such as electron beam 
lithography and scanning probe lithography. For instance, Hu et al. has 
demonstrated that Au nanoparticles with the average diameter of 6 nm can be 
positioned into a single line by using electron beam lithography [72]. On the other 
hand, Garno et al. has also demonstrated that Au nanodots array with a dot size of 
70 nm and a period of 250 nm can be fabricated by using atomic force 
microscopy (AFM) based nanomachining [73]. Despite the extensive work carried 
out in this area, there are still no scalable techniques that can selectively deposit 
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the metal nanoparticles over a large area, which is necessary in the large-scale 
integration of the semiconducting processing technology. 
 
In this chapter, we explore the possibility of synthesizing gold 
nanoparticles at pre-defined locations over a large area on silicon surfaces. In 
addition, we investigate the tunability in the size of the nanoparticles by varying 





4.2 Agglomeration of thin Au film on flat 
silicon surface  
 
This study intends to investigate the effect of film thickness and 
processing temperature on the size and uniformity of Au nanoparticles resulted 
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from the agglomeration of thin Au film deposited on flat silicon surfaces. Au 
layer with three different thicknesses (5, 20 and 50 nm) were deposited on a p-
type Si(100) substrate via thermal evaporation at a base pressure of 1x10
-6
 Torr. 
The samples were then annealed in nitrogen ambient for temperature ranging 
from 700 °C to 1000 °C to investigate the effect of film thickness and annealing 
temperature on the size and distribution of the resulting nanoparticles. Annealing 
temperature lower than 700 °C was not covered in this study as the size and 
spatial density of the agglomerated Au particles were reported to be temperature 
independent for annealing temperature ranging from 300 to 700 °C [74]. 
 
Figure 4-1(A), (C) and (E) show the surface morphologies of 5, 10 and 20 
nm thick Au films after annealing in a nitrogen environment at 700°C for one 
hour; while Figure 4-1 (B), (D) and (F) show the surface morphologies of 5, 10 
and 20 nm thick Au films after annealing in a nitrogen environment 1000°C, for 
60 min. The analyses on the size distribution of the Au nanoparticles annealed at 
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Figure 4-1:  SEM images of Au film annealed on flat silicon surface in a nitrogen 
environment for 60 min: (A) 5nm thick Au at 700°C, (B) 5nm thick Au at 1000°C, 
(C) 20nm thick Au at 700°C, (D) 20nm thick Au at 1000°C,  (E) 50nm thick Au 
at 700°C, (F) 50nm thick Au at 1000°C, (G) size distribution of the Au 
nanoparticles when annealed at 700°C, (h) size distribution of the Au 
nanoparticles when annealed at 1000 °C. 
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Figure 4-1(A), (C) and (E) show the surface morphologies of 5, 10 and 20 
nm thick Au films after annealing in a nitrogen environment at 700°C; while 
Figure 4-1 (B), (D) and (F) show the surface morphologies of 5, 10 and 20 nm 
thick Au films after annealing in a nitrogen environment 1000°C, for 60 min. The 
analyses on the size distribution of the Au nanoparticles annealed at 700°C and 
1000°C are shown in Figure 4-1 (G) and (H), separately.  
 
It can be observed that after the annealing at elevated temperatures, the 
originally continuous Au thin film broke up into isolated Au islands. This is 
because thin films have a high surface-to-volume ratio. Therefore, upon annealing, 
a thin, solid and continuous film may develop holes and eventually agglomerate 
into shapes with a lower surface-to-volume ratio [75].  
 
When gold film thickness is 5nm, most of the nanoparticles have the size 
ranging from 5 nm to 50 nm after the annealing at elevated temperatures of 
700 °C and 1000 °C, as shown in Figure 4-1 (A) and (B). The size distribution of 
the Au nanoparticles appears to be quite independent of the annealing temperature 
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at this particular film thickness (5 nm) for annealing temperature ranging from 
700 °C to 1000 °C. 
For the 10 nm thick gold film samples annealed at 700 °C, shown in 
Figure 4-1 (C) and (D), the majority of the particles have the size ranging from 
0.4 μm to 2 μm in diameter. The sizes of the Au particles are generally much 
larger than those in Figure 4-1 (A) and (B) (5 nm thick Au film). This can be 
understood by noting that a thicker film has higher morphological stability [76]. 
Note that in contrast to the sample annealed at 700 °C, there is an obvious 
increase in the size of the Au particles when the sample was annealed at a higher 
temperature of 1000 °C. This could be due to the enhancement in the diffusivity 
of the Au atoms at the higher annealing temperature, which led to a higher 
coarsening rate of the Au particles. 
 
Figure 4-1 (E) and (F) show the surface morphologies of a 50 nm thick Au 
film after the annealing in a nitrogen environment at 700 °C and 1000 °C, 
respectively, for 60 min. It is interesting to note that for a thicker Au film of 50 
nm, after it was annealed at 700 °C for 60 min, the film has a high morphological 
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stability that prohibits agglomeration to occur through the entire thickness of the 
film. However, when the sample was annealed at a higher temperature of 1000 °C, 
the formation of isolated Au islands was observed, as shown in Figure 4-1(F). The 
dependence of agglomeration on film thickness can be understood by considering 
the effect of film thickness on the rate of agglomeration, which can be described 









                                      (4.1) 
where         
   , D0 is the surface diffusion pre-exponential,    is the 
surface energy,   is the atomic volume,   the activation energy for surface 
diffusion, T the temperature and h the film thickness. As can be seen from 3 )/exp(kTh kTQsu                                         
(4.1), the agglomeration rate is inversely proportional to h
3
. As such, the 50 nm 
thick film agglomerates at a slower rate than the 5 nm and 20 nm thick films when 
exposed to the same annealing conditions. After the annealing at 700 °C for 60 
min, the 50 nm thick film is able to withstand the agglomeration process. 
However, since the void growth rate, u, has an exponential dependence on 
temperature, at a higher annealing temperature of 1000 °C at the similar duration, 
the originally continuous film agglomerates into Au islands of various sizes. 
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 Figure 4-2: A summary on the mean diameter of the Au dots obtained by 
annealing Au film at the thicknesses of 5 nm, 20 nm and 50 nm in a nitrogen 
environment at different annealing temperatures for one hour. 
 
A summary on the agglomeration of Au film with the thicknesses of 5 nm, 
20 nm and 50 nm for the temperature ranging from 700 °C to 1000 °C is shown in 
Figure 4-2. The mean diameter of the Au dots agglomerated from the 5 nm thick 
Au film is found to be insensitive to temperature. However, for the case of the 20 
nm thick film, the mean diameter of the Au dots is found to reduce from 
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approximately 1.2 μm to 600 nm when the annealing temperature increases from 
700 °C to 800 °C. This can be understood by noting that the void growth rate has 








                                       (4.1).  
Therefore, at a higher annealing temperature, the film breaks up into 
smaller dots. When the annealing temperature of the 20 nm thick Au film 
increases from 800 °C to 900 °C, the mean diameter of the Au dots is found to 
increase from 600 nm to 700 nm. This could be due to the enhanced coarsening 
rate of the Au nanoparticles since the diffusivity of the Au atoms increases at a 
higher annealing temperature. With further increase of annealing temperature to 
1000 °C, the mean diameter for the Au dots is found to increase to approximately 
1.7 μm. 
 
From the studies carried out in this section, the agglomeration of thin Au 
layer deposited on a flat silicon surface provides a simple route for the large-area 
synthesis of Au particles. The sizes of the particles appear to be more regular with 
the decrease in the Au layer thickness. Au particles with sizes ranging from 5 nm 
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to 60 nm were obtained from a 5 nm thick Au layer for temperature ranging from 
700 °C to 1000 °C, while a thicker Au layer of 20 nm gave rise to much more 
irregularly-sized Au particles, with the sizes highly dependent on the processing 
temperature. For thicker Au layer of 50 nm, Au particles can only be obtained by 
raising the temperature to 1000 °C. The Au particles obtained via this method are 
quite irregular in size even for the thin film of 5 nm used in this study. This would 
impede the uniform catalytic growth of one-dimensional semiconductor 
nanostructures with pre-defined diameters by using the Au particles as catalyst in 
the Vapor-Liquid-Solid (VLS) process. For a more controllable growth of these 
nanostructures, a cost-effective and wide-surface coverage method that can 
synthesize Au nanoparticles with uniform sizes at precise locations on silicon 
surfaces is needed. The development of this method will be discussed in the 
following section. 
4.3 Placement of Au nanoparticles in 
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In order to control the position of the metal nanoparticles, nanoscale 
inverted pyramids were created on silicon surfaces. The aim here is to confine the 
placement of metal nanoparticles within the pyramidal structures. The substrate 
used in this study was a p-type (100) silicon wafer.  A silicon dioxide layer of 10 
nm in thickness was thermally grown in an O2 ambient at 900°C. This was 
followed by the spin coating of a 100 nm-thick negative photo-resist layer 
(TSMR-iN032).  
 
Interference lithography was then used to define the pattern on the resist 
layer, as this technique can easily cover a large area of substrate within a short 
period of time. This was carried out by using the Lloyd‘s mirror setup with a 325 
nm helium-cadmium (He-Cd) continuous wave laser as the light source. Two 
exposures at a 90° relative orientation were used to create a periodic square array 
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Figure 4-3: Scanning electron micrograph of a negative photo-resist layer that has 
been exposed at θ = 20°. Two exposures at a 90° relative orientation were used to 
create a periodic square array of holes in the resist. 
 
Figure 4-3 shows the image of a negative photo-resist layer (TSMR-iN032) 
that has been exposed with θ fixed at 20°. After the first exposure, the sample was 
rotated for 90°, and subsequently followed by the second exposure (see Figure 
4-3). This gave rise to the holes array with a periodicity of approximately 500 nm 
in the photo-resist after development in an NMD-032 developer. The opening of 
Photoresist is in round shape due to the back-reflection of the laser beam from 
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photoresist-silicon substrate surface, which would reduce the resolution a bit but 
not a serious problem for the following experimental steps. This holes array was 
then transferred to the silicon oxide layer underneath by etching the sample using 
a 0.1 % buffered hydrofluoric acid at room temperature. The samples were then 
immersed in a 30 % KOH solution at room temperature, with the patterned silicon 
oxide serving as an etch mask layer. Due to the high etch ratio between the (111) 
and (100) silicon planes [78] [79], the exposed silicon was anisotropically etched 
in KOH, resulted in a periodic array of inverted pyramids bound by Si (111) 
planes. The etching resulted in slight undercut between the edge of the pyramid 
and the silicon oxide layer (see Figure 4-4 (D)).  
 
 Gold films of 5, 10 or 20 nm in thickness (namely samples A, B and C) 
were then deposited on the inverted pyramid array using a thermal evaporator at a 
base pressure of 1 x 10
-6
 Torr (see Figure 4-4 (E)). The samples were immersed in 
a 10% hydrofluoric acid to lift off the masking oxide. Subsequently, the samples 
were annealed in nitrogen ambient at temperatures ranging from 600 °C to 
1000 °C for 60 min. This results in Au nanoparticles confined in the inverted 
pyramid structures, as shown in Figure 4-4 (G). 
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 Figure 4-5 shows a scanning electron micrograph (SEM) of Au 
nanoparticles array fabricated over a large area on silicon surface, with each 
nanoparticle confined in an inverted pyramid. As the smallest window that can be 
fabricated by using the present interference lithography technique with a 
wavelength of 325 nm is currently 100×100 nm
2
 with a periodicity of 
approximately 200 nm, one can potentially produce 2.5×10
9
 nanoparticles per cm
2
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Figure 4-4: Process flow on the large-area synthesis of precisely located Au 
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 Figure 4-6 (A) to (F) show a series of SEM images of Au nanoparticles 
produced with Au layer of different thickness (5, 10 and 20 nm) that were 
subsequently annealed at different temperatures (600 or 1000˚C). It can be seen 
from these figures that, depending on the annealing temperature and Au layer 
thickness, nanoparticles of different sizes and size uniformity were observed in 
the inverted pyramids.  
 
 
Figure 4-5: Scanning electron micrograph of Au nanoparticles array fabricated 








Figure 4-6: SEM images of samples after an oxide lift-off process, followed by 
annealing in nitrogen ambient for 60 min. (a) and (b) are sample A (5nm-thick Au 
layer) annealed at 600°C and 1000°C, respectively. (c) and (d) are sample B (10 
nm-thick Au layer) annealed at 600°C and 1000°C, respectively. (e) and (f) are 
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The most salient feature in Figure 4-6 is that the diameter of the 
nanoparticles can be tuned reproducibly by changing the Au layer thickness while 
fixing the annealing temperature. For example, Figure 4-6s (B) and (F) show that 
for samples deposited with 5 and 20 nm of Au thin film annealed at 1000°C, a 70% 
reduction in the nanoparticle diameter was observed. In the mean time, Figure 4-6 
(A) and (B) show that for samples deposited with 5 nm of Au but annealed at 600 
and 1000˚C, there is an approximately 30% reduction in the diameter of the Au 
nanoparticles. Thus, we conclude that one can tune the diameter of the 
nanoparticles more effectively by changing the Au layer thickness. Note that one 
should bear in mind the occurrence of ―multi-nanoparticles‖ in a pyramid when 
annealed at a lower temperature.  
 
 Figure 4-7 shows a statistical analysis of the diameter of nanoparticles 
obtained with different Au layer thicknesses after annealing at 1000˚C. It shows 
that a better control of the size of nanoparticle is achieved with a thinner layer of 
Au, as the standard deviation of the diameter of the nanoparticles is the smallest 
(2.1) for the samples coated with 5 nm of Au layer as compared to that obtained 
from samples coated with 20nm-thick Au films (5.0). 
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Figure 4-7: A summary of the distribution of the Au nanoparticle diameters 
obtained by annealing Au layers with thickness of 5 nm, 10 nm and 20 nm at 
1000°C for 60 min. 
 
 Figure 4-6 (A), (C) and (E) show that, the thinner Au layers (5 nm) lead to 
multi-nanoparticle formation when annealed at 600°C. This is reasonable as when 
the film is too thin, randomly dispersed holes already exist in the as-deposited 
film [80] or the film may never become continuous. Upon annealing, dewetting 
occurs immediately at these random sites rather than at ruptures at the pit edges, 
thus resulted in multi-nanoparticles in a pyramid. When annealed at 1000°C, the 
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higher temperature can lead to an increase in the diffusivity of Au atoms, causing 
coarsening to become more significant. This will cause the multi-nanoparticles in 
a pit to coarsen into one single nanoparticle regardless of Au film thickness. 
 
 As the synthesis of the Au nanoparticles was performed at an elevated 
temperature (especially at 1000°C), the desorption of Au would be significant. 
According to the Langmuir Equation [81], the evaporation rate (Re) of Au atoms 
can be estimated as: 






                          
(4.2) 
where MAu is the atomic weight of Au, T is the annealing temperature and Peq,T is 
the equilibrium vapor pressure of Au at T.  The value of Peq,T is estimated [82] to 
be ~10
-7
 Torr at 1000°C. We can assume very insignificant evaporation of Au at 
600°C as the value of Peq,T is always below 10
-11
 Torr. With this evaporation rate, 
we reached an estimation of a disappearance of 1.14×10
7
 Au atoms when 
annealed at 1000°C for 60 minutes. On the other hand, a simple calculation on the 
change in the volume between the two typical spherical nanoparticles of Figure 
4-6 (E) and (F) gives a value of the loss of Au atoms to be 2.32×10
7
. This is in 
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very good agreement with the number derived from Eq. (4.2). There may be 
diffusion of Au atoms into the silicon substrate when annealed at an elevated 
temperature. However, there exists a thin layer of native oxide between the Au 
film and the silicon pyramid wall, and this will significantly reduce the diffusion 
process. Our earlier calculation based on Eq. (4.2) confirmed that the desorption 
of Au atoms when annealed at the elevated temperature, rather than the diffusion 
into silicon, is the predominant mechanism for the reduction of the nanoparticle 
size. 
 
 Giermann and Thompson [80] had studied the dewetting of continuous Au 
films deposited on inverted pyramid arrays, and found that under certain limited 
conditions, dewetting led to periodic monodisperse nanoparticle arrays similar to 
those obtained in this study.  In the early study, the conformal coating by Au films 
on the underlying silicon topography led to surface curvatures that guided the 
dewetting process through curvature-driven self diffusion on the surface of the Au 
film.  For proper relative dimensions of the film thickness, the pyramid spacing, 
and the width of the mesas between the pits, the Au surface first ‗touched-
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down‘on the pit edges in a way that led to subsequent dewetting to form single 
particles per pit. 
 
 In the current study, the Au layer is discontinuous at the outset of the 
dewetting process. Dewetting within the pits is therefore assured, regardless of the 
mesa width and film thickness.  In some cases, multiple particles form in a single 
pit. However, when the Au was annealed at sufficiently high temperatures, a 
single particle per pit was obtained in all cases. This may be a direct result of the 
dewetting process at elevated temperatures, or it may be the result of particle 
coarsening after dewetting [77]. Our present method thus allows us to achieve a 
better controllability as regards to the size of the Au nanoparticles, and an 
improved robustness in processing in that the present approach is much less 
sensitive to the pit-to-mesa width ratio. 
 
 Another important point to note is that the diameter of the Au 
nanoparticles has been reduced to 28.7 nm with an inverted pyramid structure 
with a pit-to-pit distance of 500 nm. This is a significant improvement to the 
earlier report [80] of an Au nanoparticle diameter of ~150 nm obtained from an 
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inverted pyramid array with a pit-to-pit distance of 175 nm. It is reasonable to 
expect that, if one adopts the present procedure and deposit a thinner layer of Au 
on the smaller inverted pyramid array at a pit-to-pit distance of 175 nm, smaller 
Au nanoparticles (with diameter < 28.7 nm) can be placed inside the inverted 
pyramid. 
 
The size of the Au nanoparticle can be estimated by considering the 
amount of Au atoms that exist in an individual inverted pyramid. Assuming the 
flux of Au atoms arriving on the substrate is uniform across the sample during the 






                                                    (4.3) 
where a is the diameter of the opening in the mask layer (see Figure 4-8), and c 
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Figure 4-8: SEM image of the sample after subjected to KOH etching. The 
location of the inverted pyramid is defined by the opening in the oxide mask. The 
oxide mask also acts as a deposition mask in the subsequent Au deposition 
process. 
After annealing the sample at 600°C for 60 min, we can assume very 
insignificant evaporation of Au as the value of vapor pressure at 600°C is way 
below 10-11 Torr. Suppose the Au layer in the pyramidal structure has dewetted 
into a near-spherical particle, the diameter of the particle, b can be estimated as 






























,                              (4.4) 
 
Mask opening, a 
Chapter 4 
 
~ 86 ~ 
 
Equation (4.4) gives rise to the estimated size of the nanoparticles as shown in 
Error! Reference source not found.. The estimated size was compared with the 
ctual particle size obtained in experiment. As can be seen in Figure 4-10, the 
estimated value of the particle size is in good agreement with the actual 
experimental data. 
 
For the sample annealed at 1000°C for 60 min, as explained above, 
desorption of Au atoms, rather than the diffusion into Si, is the predominant 
mechanism for the reduction in the nanoparticle size. The reduction in the amount 
of Au atoms, y, can be estimated as 
   
tARy e ,                          (4.5) 
 
where Re is the evaporation rate of Au at 1000°C [see Equation (4.2)], t the 
annealing time, and A the surface area of the particle. Suppose the Au deposited 
on the pyramidal wall dewetted into a near-spherical particle at the early stage of 
the annealing process, the value of A can be estimated from the volume of Au that 
exists in an individual inverted pyramid, V. 
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Figure 4-9: A comparison between the calculated diameter (solid curve) and the 
actual diameter(■) of the Au nanoparticle after annealing at 600°C for 60 min in 
nitrogen ambient. 
This gives rise to the approximated value of y as 















                                                (4.6) 
The amount of Au atoms that remain in an inverted pyramid, z, can then be 
estimated by subtracting y from the amount of Au atoms that exist before 
annealing, x, with 







                                                    (4.7) 
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where ρ is the density of Au,  MAu the atomic weight of Au, and NA the 
Avogadro‘s constant. The volume of the Au nanoparticle after annealing at 
1000°C for 60 min, Va, can then be calculated as 










                                              (4.8) 

























The final diameter of the Au nanoparticle, d, can then be estimated as 













                                                    (4.9) 
 
Equation (4.9) gives rise to the estimated size of the nanoparticles after annealing 
at 1000°C for 60 min, as represented by the solid curve in Figure 4-10. For the Au 
layer with the thickness of 20 nm, the estimated diameter (96.9 nm) is in good 
agreement with the experimental data, where the Au nanoparticles have the 
average diameter of approximately 95 nm. However, when thinner Au layer was 
used, the diameter estimated by Equation (4.9) deviates from the actual 
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experimental data (see Figure 4-10). For the case of the nanoparticles obtained by 
annealing a 10 nm thick Au layer, in contrast to the estimated size of 74.7 nm, the 
size of the nanoparticle was actually smaller, with the diameter ranging from 52 
nm to 68 nm. A more significant deviation was observed when an even thinner 
Au layer was used. For a 5 nm thick Au layer, the nanoparticles obtained in the 
experiments have the diameter ranging from 24 to 36 nm, which was much 
smaller than the estimated diameter of 57 nm. This could be due to the reduction 
in the melting temperature of the nanosize Au particles, which leads to the 
increase in the rate of evaporation. Melting temperature of small Au particles was 
reported to decrease as a function of decreasing particle size, as the equilibrium 
vapor pressure over a curved surface of a material is larger than that over a plane 
surface due to the smaller radius of curvature. As the size estimation of the Au 
particles represented by the solid curve in Figure 4-10 made use of the vapor 
pressure of a bulk material, therefore it is reasonable to expect the deviation from 
the actual diameter of the nanoparticle, in particular for the samples deposited 
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Figure 4-10: A comparison between the calculated diameter (solid curve) and the 
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4.4 Growth of silicon nanowires catalyzed 
by the precisely located Au 
nanoparticles array 
 
Au particle can serve as the catalyst for the growth of silicon 
pillar/whisker via the Vapor-Liquid-Solid (VLS) growth mechanism, studied in 
detail in the 1960s by Wagner et al. [70]. The most common technique for 
creating metallic nanoparticles as catalysts for VLS growth of nanowires over a 
wide area is to simply allow dewetting of thin solid metal film on a flat 
substrate[83]-[86]. Inevitably, the nanowires that are subsequently grown exhibit 
a very wide distribution of sizes and spacing, due to the poor control of the size 
and spacing of metallic nanoparticle catalysts associated with the dewetting 
method. It is of both fundamental and practical importance to synthesize 
nanowires of uniform size and spacing on silicon substrates to make the 
integration of nanowire-based devices realizable. 
 
The precisely located Au nanoparticles array on silicon surfaces could 
serve as a platform to catalyze the growth of silicon nanowires of uniform 
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diameter from pre-determined site by using the VLS growth mechanism. Figure 
4-11 shows the result of silicon nanowires grown via the VLS technique catalyzed 
by the Au nanoparticles embedded in the inverted pyramids using 5% SiH4 
diluted in H2 gas at 850 mTorr, 530°C with a flow rate of 400 sccm for 10 
minutes. The figure shows that a silicon nanowire grown from a pit. The 
nanowires are of uniform diameter (~100 nm) with the Au nanoparticles at the tip 
of the nanowire, indicative of the VLS growth mechanism. 
 
 It should be noted that, however, while majority of the nanowires are 
straight, they are randomly oriented. This is reasonable as there exists a thin oxide 
layer between the Au nanoparticle and the silicon pyramid wall, and this will 
prevent the silicon nanowire to grow in the orientation of the wall. There are also 
instances that tiny nanowire grows from the same pit next to the bigger nanowire. 
This is probably due to smaller Au nanoparticle located at the pyramid wall, as 
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Figure 4-11: A SEM picture of silicon nanowires grown by the VLS technique 
catalyzed by the Au nanoparticles embedded in the inverted pyramids. 
 
 In an attempt to remove the native oxide layer between the Au 
nanoparticle and the pyramid wall, the sample was immersed in 10% hydrofluoric 
acid prior to the growth of the nanowires. We found that very careful handling 
and chemical cleaning of the sample are required, as the Au nanoparticles which 
were initially embedded in the inverted pyramids were prone to be displaced onto 
the mesa or lost during the chemical cleaning process by immersing the sample in 
hydrofluoric acid. This resulted in nanowires randomly grown on the surface of 








Figure 4-12: A SEM picture of silicon nanowires randomly grown on the silicon 
surface. The sample was immersed in 10% hydrofluoric acid prior to nanowire 
growth. 
 
It is obvious from the results presented in Figure 4-11 and Figure 4-12 that 
even with a precise placing of Au nanoparticles demonstrated using the recipe 
described in this chapter, an innovative wet or dry cleaning method that will 
remove the oxide layer sandwiched between the Au nanoparticle and pyramid 
wall, but will not displace the Au nanoparticle from the pit is necessary for the 
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containing the Au nanoparticles in forming gas (90% N2, 10% H2) at 1000°C for 
60 min with the aim of removing this oxide layer. Silicon nanowire growth was 
then carried out immediately at 25 Torr, 575°C, using 50% SiH4 diluted with H2 at 
a flow rate of 200 sccm for 10 min. The wires grown from this process, however, 
are still randomly oriented, as can be seen in Figure 4-13. 
 
 
Figure 4-13: A SEM picture of silicon nanowires grown immediately after 
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 As various attempts to achieve oriented growth of silicon nanowires from 
the Au nanoparticles array were unsuccessful, we thus embark on the growth of 
other one-dimensional nanostructures, namely, the carbon nanotubes (CNT) or 
carbon nanofibers (CNF). However, instead of gold, CNT or CNF requires 







This chapter successfully explored of large-area synthesis of precisely 
located Au nanoparticles with tunable sizes on silicon surfaces. Firstly, a study 
was carried out on the agglomeration of thin Au layer deposited on a flat silicon 
surface as this provides a simple route for the large-area synthesis of Au particles. 
This method, however, gave rise to irregularly-sized Au particles across the film 
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A combined top-down and bottom-up approach was then developed for 
the synthesis of Au nanoparticles array at precise locations on silicon surface. 
This was achieved via a combination of interference lithography, lift-off, and 
agglomeration of the deposited Au layer confined within the pyramidal structure. 
This method enables the large-area synthesis of precisely located diperiodic Au 
nanoparticles array on silicon surfaces. The size of the Au nanoparticles can be 
tuned effectively via a careful manipulation in the Au layer thickness and 
annealing temperature. The temperature dependence of the nanoparticle size is 
predominantly due to the evaporation of Au atoms at elevated annealing 
temperatures. A model has been developed to estimate the size of the 
nanoparticles synthesized by using this method. The model is in good agreement 
with the experimental data except for some minor deviation which could be 
attributed to the reduction in the melting temperature of nanosized Au particles, as 
the estimation was carried out based on the vapor pressure of a bulk material. 
 
The periodic Au nanoparticle array is well controlled in terms of size 
distribution, and could serve as a platform for the well-defined growth of silicon 
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nanowires with pre-defined diameter at precise locations on silicon surfaces. We 
carried out the silicon nanowire growth via the Au-particle-catalyzed Vapor-
Liquid-Solid mechanism. The synthesized nanowires are of uniform diameters. 
However, the wires are randomly oriented as a thin layer of native oxide exists 
between the Au particle and the pyramid wall, and this prevents the wire to grow 
in the orientation of the wall. In order to remove the oxide layer sandwiched 
between the Au nanoparticle and pyramid wall, various dry and wet cleaning 
methods were carried out. The attempts were however unsuccessful in removing 
the oxide layer. Hence, we didn‘t do any further study, e.g. the influences of the 
sizes of Au nanoparticles on the thickness of silicon nanowires or dependence of 
the geometry of silicon nanowires on the other growth conditions, as what we 
aimed for this project is to produce well ordered vertically-aligned one 
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Chapter 5                                                       
Synthesis of Vertically Aligned 












mechanical properties [89].  Of the various chemical vapor deposition 
(CVD) methods used in the synthesis of CNTs, plasma-enhanced chemical vapor 
deposition (PECVD) is widely used to grow aligned CNTs. It should be noted that, 
however, a different type of flexible carbon nanostructures, namely the carbon 
nanofibers (CNFs) with unique structures and properties can also be synthesized 
using this method [90][91]. Growth of carbon nanotubes is catalyzed by particles 
of materials such as Fe and Ni, and the size and location of these catalyst particles 
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control the size and location of the resulting tubes.  The most common technique 
for creating metallic nanoparticle catalysts over a wide area is to simply allow 
dewetting of thin solid metal films on a flat substrate [90]. Inevitably, the 
nanotubes that are subsequently grown exhibit a very wide distribution of size and 
spacing, due to the poor control of the size and spacing of metallic nanoparticle 
catalysts resulting from the simple dewetting method.   
 
 To exercise good control of the size and location of metal catalysts for the 
growth of CNTs, various patterning techniques have been used, including  
electron beam lithography [92], nano-sphere lithography [93], nano-imprint 
lithography [94]
 
and the use of porous anodized aluminum oxide templates 
[95][96]. Among these techniques, some provide very good control of catalyst 
geometry and location, but are costly and provide only small-area coverage (e.g. 
electron beam lithography). Others provide relatively large-area coverage but 
suffer from restrictions on the catalyst geometry and location (e.g. nano-sphere 
lithography and anodized aluminum oxide templates) or they involve relatively 
complicated processes to change geometry parameters (e.g. new masks for 
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different spacing in the case of nano-imprint lithography). On the other hand, 
there are also research efforts devoted to the preparation of nanostructure arrays 
using masks obtained from lithographic technique and catalytic etching, [97][98] 
self-organized masks or without any mask via plasma controlled self-
organization[99][100]. 
 
In this chapter, based on a nickel patterning method, we explore the 
possibility to fabricate 1D carbon nanostructures at pre-determined locations over 
a large area on silicon surfaces. In addition, we investigate the growth mechanism 
of carbon nanofibers and carbon nanoneedles (CNNs). The processes involved 
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5.2 Placement of Ni nanopyramids in 
inverted pyramid arrays 
 
In our synthesis of CNFs and CNNs in this work, it is very natural for us 
to make use of the gold nanoparticle patterning process discussed in Chapter 4 to 
pattern Ni into ordered nanoparticle array. It is important to note that a diffusion 
barrier, e.g. SiO2 [101], between Ni and silicon substrate is compulsory for 
subsequent high temperature process to prevent Ni silicidation of the silicon at the 
walls of the pyramids. For this reason, the gold nanoparticle patterning process, 
which involves a SiO2 lift-off step, is not suitable for the synthesis of CNFs and 
CNNs. 
 
Figure 5-1 demonstrates a new process flow to precisely put Ni 
nanopyramids inside the silicon inverted pyramid. Firstly, an N-type Silicon (100) 
substrate was cleaned thoroughly using RCA I and RCA II procedures.  This was 
followed by a subsequent 10% HF dip for 30 seconds to remove the native oxide. 
After the HF dip, a layer of 200 nm photoresist (Ultra-i 123) was quickly spin-
coated on the Si wafer.  Next, the wafer was baked at 90 °C for 90 seconds. The 
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photoresist was then patterned using a Lloyd‘s mirror interference lithography 
setup with a He-Cd laser source (λ = 325 nm). The creation of periodic square 
patterns in the photoresist was achieved by two perpendicular exposures of 200 
seconds each. The unexposed photoresist was etched away using the Shipley 
Microposit MF CD-26 developer and a circular-shape photoresist dot array on the 
Si wafer surface was left behind as shown schematically in Figure 5-2 (A). The 
samples were then subjected to an oxygen plasma etching process (power of 30W, 
oxygen pressure of 0.5 mbar, and etching time of 30 to 120s) (i) to remove the 
residual unexposed photoresist at the Si surface, and (ii) to trim the size of the 
photoresist dots. The second step controls the catalyst diameter and thus the CNT 
or CNF diameters.  
 
Next, a ~20nm thick Cr was evaporated on the entire sample using an e-
beam evaporator. The Cr layer on top of the photoresist was removed by lifting-
off the photoresist. The photoresist lift-off and KOH anisotropic etching of the Si 
were achieved simultaneously by dipping the sample into 30% (by weight) KOH 
solution at 50 °C for around 300 seconds.  Underneath the Cr holes which served 
as an etching hard mask, 4-fold symmetric arrays of inverted pyramids were 
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produced, as seen in Figure 5-2 (B). We then made use of the Cr holes as a 
deposition mask to evaporate a 10 nm silicon oxide layer and a 30 nm Ni film (at 
a base pressure of 10
-6
 Torr) onto the patterned sample. Through these means, 
within the pyramids, an oxide layer was sandwiched between the silicon substrate 
and the Ni film. The oxide layer is essential as a diffusion barrier to prevent 
silicidation between Ni and the Si substrate during the growth of CNFs. Finally, 
the Cr layer and also the oxide and Ni layers above were lifted-off using the 
Chromium Cermet Etchant to reveal nano Ni pyramids sitting in the center of the 
silicon inverted pyramid arrays, as shown in Figure 5-2 (C). The period for the 
inverted pyramid pattern was 500 nm and the ―nickel pyramid‖ was around 200 
nm in size. With this patterning technique, the Ni catalysts are different from the 
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 Figure 5-1: Process flow to synthesize Nickel nanopyramids array. 
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Figure 5-2: Scanning-electron-micrographs (SEM) of: (A) 200 nm diameter 
photoresist dots arrayed with a period of 450 nm. (B) Anisotropically etched Si 
(100) inverted pyramids undercutting the Cr holes. (C) Ni nanopyramids sitting in 
the center of Si inverted pyramids after lift-off Cr. 
 
It is very important to be noted that, after the KOH etch step, a thorough 
ultrasonic cleaning is crucial. This is because Cr film lift-off and KOH etch 
shown in Figure 5-1 (B) and (C) are actually done simultaneously inside KOH 
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solution. The Cr dot on top of the photoresist dot drops down and disperses into 
the solution after underneath photoresist dot are etched away by KOH. Hence, Cr 
dots may fall down on the sample and block the Cr holes, as shown in Figure 5-3 
(A) which will block subsequent evaporation. As shown in Figure 5-3 (B), many 
inverted pyramids are empty due to the blockage. Figure 5-3 (C) and (D) show a 
thorough removal of Cr dots and successful evaporation. 
 
 
 Figure 5-3: (A) Lifted-off Cr dots block the Cr holes; (B) unsuccessful 
evaporation (many inverted pyramids are empty) due to the Cr holes blockage; (C) 
Sample after thorough ultrasonic cleaning; and (D) Successful evaporation as 
every inverted pyramid is filled. 
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The ultimate purpose for this new process is the same as the previous 
section: to pattern the catalyst and use it for the growth of one-dimensional nano 
structure. Hence, how to control the catalyst size is one of the most important 
issues. In the previous Sections of 4.3 and 4.4, tuning gold nanoparticle size is 
achieved by thermal annealing. However, it is very difficult to use the same 
method to tune nickel nanoparticle size due to the much higher melting 
temperature of nickel (1453 ºC) than gold‘s (1064 ºC). Figure 5-4 (A) and (B) 
show the nickel nanopyramids before and after 1000 ºC annealing for 2 hours in 
nitrogen ambient. Its size only shrinks around 10%, which is ineffective. 
 
 
Figure 5-4: SEM images of nickel nanopyramids (A) before annealing; (B) after 
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In the patterning process, the nickel nanopyramids size is determined by 
the size of Cr holes which act as the evaporation mask. Furthermore, the Cr holes 
size is solely determined by the photoresist dots size. Hence, it is possible to tune 
the size of nickel nanopyramids by controlling the size of photoresist dots. 
 
As Figure 5-5 (A) shows, after laser interference lithography, the original 
photoresist dot size is 300nm with a period of 1.1 µm. By using an oxygen plasma 
isotropic etching, its size can be tuned to 200nm and 100nm in a consistent and 
repeatable manner, as demonstrated in Figure 5-5 (B) and (C). Figure 5-5 (D), (E) 
and (F) show nickel nanopyramids (30 nm thick) with a size of 300 nm, 200 nm 
and 100 nm with uniform distribution. 
Chapter 5 
 
~ 110 ~ 
 
 
 Figure 5-5: SEM images of photoresist dots array with a diameter of: (A) 300nm, 
(B) 200nm and (C) 100nm; SEM images of nickel nanopyramids arrays with 
diameter of (D) 300nm, (E) 200nm and (F) 100nm. Scale bar 600nm. 
 
 Henzie et al. [102] have also obtained Ni pyramids using a method 
similar to our technique. They have employed a phase-shift technique for the 
patterning of the photoresist. It should be noted, however, different masks are 
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5.3 Synthesis of Carbon nanofiber and 
nanoneedle array 
 
We will be using the new process of depositing Ni nanoparticles in 
inverted pyramids of Si described in Section 5.2 as catalyst to grow carbon 
nanofibers array by PECVD.  
 
Figure 5-6 (A) shows a Ni nanopyramid array sample with a size of 
100nm and a spacing of 1.1 µm.  The sample was then used for the growth of 
large-area arrays of isolated vertically aligned CNFs, as shown in Figure 5-6 (B), 
synthesized using the PECVD technique. The CNF growth conditions were fixed 
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at 700 °C at a pressure of 7.5 mbar in a 5:1 mixture of NH3 and C2H2 (NH3: 50 
sccm and C2H2: 10 sccm). We controlled the length of the CNFs by varying the 
time of the flow of the NH3 and C2H2 into the PECVD system. This technique 
enabled growth of single CNF in most pits.  
 
Figure 5-6: SEM images of (A) nickel nanopyramids array with a size of 100nm 
and a spacing of 1.1 µm, and (B) carbon nanofibers array (45º tilt) grown by 
PECVD with a diameter of 100 nm and a length of 1 µm. Scale bars 1 µm. (C) 
HRTEM of one CNF, the scale bar is 50nm. 
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It should be noted that, with our patterning technique, even though the 
catalysts were initially different from the usual spherical-shape catalysts 
commonly reported in the literature, we still obtained normal tubular-shape CNFs 
with spherical-shaped Ni catalyst at the tip of the CNFs, as shown in the Figure 
5-6 (B). A high resolution transmission electron micrograph (HRTEM) image of 
an individual tubular CNF (see, Figure 5-6 (C)) exhibits a ‗cup-in-cup‘ feature 
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Figure 5-7: (A) Locations at which EDX analyses were carried out; (B) EDX 
signal at the CNF bottom; (C) EDX signal at the CNF top; and (D) EDX signal in 
the far vicinity of the CNF. 
 
Figure 5-7 (B), (C) and (D) show EDX results obtained at the bottom, the 
top, and the far vicinity of a CNF, as defined in Figure 5-7(A). These data show 
no Ni at the bottom of the CNF, a strong Ni signal at the top of the CNF, and only 
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a carbon signal at the far vicinity of the CNF. This is in agreement with the 
normal CNT tip growth mechanism commonly reported in the literature. 
 
           Figure 5-8 shows the SEM image of carbon nanoneedle arrays synthesized 
using the same setup that produced the CNF array shown in Figure 5.2. The 
growth conditions were generally the same as carbon nanofibers except that the 
carbon nanoneedles were synthesized by keeping the heater and dc plasma on for 
another 10 mins after shutting off the C2H2 supply.   
 
Figure 5-8: A large-area ordered array of carbon nano-needles. The diameter of 
each CNN at the base was ~200 nm; the length was ~1 µm (45º Tilt). The inset is 
a magnified view of a portion of the CNF array, with a scale bar of 500 nm.   
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Figure 5-9 (A) and (B) show the TEM images of one CNN. Lattice fringes 
can be seen in the image of the Ni catalyst in Figure 5-9 (B), but fringes not be 
seen in the CNN body. This indicates that the CNN was amorphous near the tip. 
We have also carried out EDX measurements focused at the bottom of the CNNs, 
as shown in Figure 5-9 (C). The EDX experiments show a strong signal for Ni at 
the bottom of the CNNs, indicating the presence of a Ni catalyst. This is in 
contrast with the EDX results for the tubular CNFs in Figure 5-7, for which no Ni 
signal was found at the bottom of the CNFs. This indicates that the growth 
mechanism of CNNs is different from that of tubular CNFs and is distinct from 
the common observation of either a tip or base catalytic growth. It should also be 
noted that the limited further growth and the formation of the sharp CNN tips may 
be related to the decreasing supply of C2H2 after it is shut off in the last 10 
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Figure 5-9: (A) TEM image of a CNN. The scale bar is 100nm; (B) HRTEM 
image of the tip of the CNN. The scale bar is 5nm. (C) SEM image (45° tilt) of 
part of a CNN array with CNN base diameters of 100 nm and lengths of 1 μm, the 
scale bar is 1 μm. The inset is an EDX signal obtained from the bottom of one of 
the CNNs. 
 
We have also carried out EELS experiments to probe the chemical 
composition of the CNNs. As the CNNs were formed with only the supply of 
C2H2 being eliminated, we expected species contained nitrogen to exist in the 
environment during growth and be incorporated into the CNNs. We have, in fact, 
detected nitrogen in some of the CNNs. It should be noted that, however, such 
species would be  volatile during growth and this might explain the fact that we 
did not manage to detect nitrogen in some other CNNs from the EELS 
experiments. In addition, the observation of self-sharpening of carbon nanocone-
like structures has also been reported by Levchenko et al. [103]. 
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It should be noted that in Figure 5-9 (C), the contour of the original 
inverted pyramid has become rounded. This is in contrast to the results shown in 
Figure 5-6. This is a consequence of the etching of silicon by the gas mixture, 
including NH3 and diminishing C2H2, and the deposition of a layer of amorphous 




5.4 The mechanism of CNN formation 
 
To investigate the mechanism that transforms CNF to CNN, a sample that 
contained tubular CNFs was subjected to a treatment in NH3 with the plasma 
being turned on (plasma current fixed at 75 mA) at 700 ⁰C for 5 minutes.  
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Figure 5-10: SEM images of as-grown tubular CNFs ((A) and (C)) and (B) the 
same tubular CNFs heated in NH3 at 700 ºC for 5 minutes with the plasma turned 
on at a current flow of 75 mA and (D) the same tubular CNFs as in (C) heated in 
NH3 at 700 ºC for 5 minutes without the plasma turned on. The scale bar in (A) 
and (B) is 600 nm and for (C) and (D) is 300 nm. 
 
Figure 5-10 (A) and (B) show the SEM images of samples before and after 
this treatment. Figures 5-6 (C) and (D) show SEM images of CNFs that were 
subjected to a treatment in NH3 at 700 ⁰C without the dc plasma being turned on. 
Comparing the SEM images of Figure 5-10 (B) and (D), we note that with the 
plasma being turned on, the CNFs have been converted to shorter CNNs. This 
shows that the plasma has a pronounced effect in sharpening of the tips of the 
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CNFs. Another interesting observation is that the original top Ni catalysts (in 
Figure 5-10 (A)) seem to have moved downwards inside the CNNs. It can be seen 
from Figure 5-10 (C) and (D) that without the plasma being turned on, there 
appears to be no evolution of the CNFs in NH3 at 700 ⁰C. Also, in this case, all 
the Ni catalysts remain at the top of the CNFs. 
 
 It is important to point out the key difference in the growth process that 
leads the CNNs with sharp tips in Figure 5-9 (C) and Figure 5-10 (B). In Figure 
5-9 (C), the formation of sharp-tipped CNNs can be due to (i) the dwindling 
supply of C2H2, and (ii) etching of the CNFs in the presence NH3 with the plasma 
turned on. As the CNNs in Figure 5-9 (C) continue to grow albeit with a shaper 
tip, the etching process must be less efficient than the growth at the top of the 
CNNs. The growth environment for the case shown in Figure 5-10 (B) was 
completely void of C2H2 and therefore only etching of CNFs took place. 
 
Figure 5-11 shows the HRTEM images of a CNN that was subjected to a 
plasma treatment with the plasma current fixed at 75 mA in NH3 for 3 minutes. 
Figure 5-11 (A) shows that the top catalyst splits into two parts: with one 
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remaining at the tip and the other traveling downward inside the CNN (―body 
catalyst‖).  As the body catalyst moves downwards inside of CNN, two distinct 
regions develop in the CNN above and below it. As shown in Figure 5-11 (B), the 
region below the body catalyst retains the cup-in-cup structure of the original 
CNF. However, there is a striking reduction in the number of cup-shaped features 
in the region above the body catalyst, with only an amorphous sheath remaining 
to define the CNN wall.  Figure 5-11 (C) shows a tail on the top Ni catalyst. This 
suggests that a pinch-off process is occurring, and that a process like this might 
have led to the formation of the larger body catalyst, presumably as a result of the 
splitting of the original top catalyst into two parts. 
 
A model has been proposed by Denysenko et al. [104] on effect of the ion-
assisted precursor dissociation and surface diffusion processes on the growth of 
carbon nanofibers. This model has subsequently been used to explain the vertical 
growth of platelet-structured vertically aligned single-crystalline carbon 
nanocones [103]. The model proposed by Denysenko et al. may be used as a 
guide in constructing a model for the growth for our growth of CNNs. One need 
to, however, examine the crucial difference between our results and that of 
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Denysenko et al. in that no catalyst splitting and reverse motion of catalyst was 
proposed in [104]. Obviously, the preliminary results on catalyst splitting and 
reverse motion presented in this thesis are insufficient for us to construct a model 
for the growth of CNNs. 
 
Helveg et al. carried out TEM experiments in which in-situ observations 
of CNF growth were made [105]. They observed a liquid-like oscillation in the 
shape of the Ni catalysts at the CNF tips, and found that this oscillation was 
associated with the formation of cup-in-cup structures.  They demonstrated that 
these shape oscillations occurred even though the Ni remained crystalline, and 
argued that the Ni catalysts elongated as they wetted the tube at both the top cap 
and the cup.  The energy at Ni/graphene surface held them in contact until the cost 
of the increased surface area exceeded the cost of breaking contact between the Ni 
and the bottom cap.  Therefore, once the C2H2 is turned off, but the NH3 and 
plasma are left on, etching causes the Ni to etch the cup at the bottom, and that 
etching drives the continued extension of the Ni catalyst until it pinches off to 
form two particles, as shown schematically in Figure 5-12.  A Ni particle (usually 
a smaller one) remains at the tip to continue to wet the top cap. 
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Figure 5-11: (A) High Resolution TEM (HRTEM) image of a CNF that was 
subjected to a plasma treatment (plasma current fixed at 75 mA) in NH3 for 3 
minutes after the C2H2 was turned off, showing that the top Ni catalyst splits into 
two parts, with one remaining at the tip of the CNF and the other traveling down 
into the CNF. Note the hollow interior of the upper part of the CNF through 
which the bottom catalyst has passed. (B) Magnified image of the body catalyst 
and (C) Magnified image of the top catalyst. The scale bars are (A) 100nm, (B) 
25nm and (C) 25nm. 
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In this mechanism, once the C2H2 flow is eliminated (but the NH3 and 
plasma remain on), the Ni catalyzes etching of the graphitic walls internal to the 
tube structure.  The mechanism for etching would be similar to that discussed in 
references [106] and [107], in which the Ni catalyzes the reaction of NH3 with the 
graphene to form volatile hydrocarbon products.  
 
 
Figure 5-12: Schematic diagram of the mechanism that is responsible for the Ni 




~ 125 ~ 
 
We further prepared three samples with tubular CNFs and subjected them 
to different plasma powers and durations at 700 °C in an NH3 ambient. Figure 
5-13 (A) was taken from the as-grown CNFs array sample, which was then cut 
into three and each of them is subject to the different plasma powers and durations. 
Figure 5-13 (B), (C) and (D) showed the result after the treatment from different 
part of the original sample. The results were quite representative, although there 
were definitely some difference among CNFs as the result of non-uniform plasma 
power density. 
 
 If one compares Figure 5-13 (B) and (C), as it is reasonable to expect, 
more significant etching of the CNNs has occurred at the higher plasma powers in 
(C) than (B) for a fixed duration of 3 minutes. With a fixed plasma power (fixing 
the plasma current a 75 mA), an increase in the time of the plasma from 3 to 5 
minutes also resulted in more etching of the CNFs, as shown in Figure 5-13 (C) 
and (D).   It is also clear from Figure 5.9 that when the plasma power reduces at 
half and the treatment time was 3 minutes (Figure 5-13 (B)), the catalyst broke 
into two particles, with one particle being relatively small and remaining at the 
top of the CNN (the top-catalyst) and the other one being bigger and starting to 
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migrate downward into the body of the CNN (the body-catalyst). By increasing 
the plasma to full power for 3 minutes (Figure 5-13 (C)), the top-catalyst still 
remained at the top while the body-catalyst reached the middle of the CNN. 
Keeping the plasma power at full power (keeping the plasma current fixed at 75 
mA and DC voltage fixed at 462V) and increasing the treatment time to 5 minutes, 
the body-catalyst almost arrives at the bottom of the CNF (Figure 5-13 (D)). This 
is almost the situation shown in Figure 5-8. Hence, we conclude that at higher 
plasma powers and/or for longer plasma treatment times, the top-catalyst becomes 
smaller while the body-catalyst continuously migrates downward through the 
CNN. Note that when the carbon source is turned off with plasma on, carbon can 
be etched and re-deposited on the CNN [108] which resulted in the shape change 
in Figure 5-13, but with higher plasma power of longer plasma duration, the 
etching of carbon becomes increasingly pronounced. Therefore, the CNNs 
become shorter and thinner and the tip becomes sharper, as a result of prolonged 
plasma etching. Sharp tips are crucial for optimal field emission. It is also clear 
from Figure 5-13 that, the sizes of the top and body catalysts of a CNN are closely 
related to the plasma power and duration used for the growth process. Typically, 
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the top catalyst will be in the range of 8 to 50 nm and the body catalyst will then 
depend on the growth condition but in the range of tenths of nm.  
 
 
Figure 5-13: SEM images of: (A) an as-grown round-topped tubular CNF that has 
been annealed at 700 °C in an NH3 ambient without a plasma.  CNFs annealed 
under the same conditions but with (B) the plasma power sat at half the normal 
power (plasma current fixed at 37.5 mA) for 3 minutes, (C) full plasma power 
(plasma current fixed at 75 mA) for 3 minutes and (D) full plasma power for 5 
minutes. Scale bar 100 nm. 
 
 It should be noted that, in a number of the cases described above, the 
CNFs or the CNNs were exposed to an atmospheric ambient (e.g. for SEM 
examination) and subsequently placed back in the PECVD system for further 
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processing.  We have carried out a set of experiments to confirm that the 
conversion of CNFs to CNNs is reproducible and is not due to extraneous 
phenomena resulting from exposure to air. We carried out the normal CNF 
growth for 3 minutes under our standard growth conditions, after which we 
maintained the flow of NH3 but purged the remaining C2H2 in the PECVD system 
and let the system cool down to room temperature. The PECVD system was then 
again set at 700⁰C with the plasma being turned on with a constant supply of NH3 
throughout. We obtained similar CNNs to those shown in Figure 5-8. This 




5.5 The formation of carbon nano-walrus 
structure 
 
Another set of experiments were carried out with CNNs that have body 
catalysts embedded approximately midway down the CNNs. These samples were 
placed in the PECVD system and re-started the growth process at the original 
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CNF growth conditions (i.e. at 700 °C at a pressure of 7.5 mbar in a 5:1 mixture 
of NH3 and C2H2 (NH3: 50 sccm and C2H2: 10 sccm)).  
 
Figure 5-14 (A) and (B) show representative SEM images of the samples 
before and after the second growth. It is interesting to note that at our standard 
growth conditions, the body catalyst manages to ―break through‖ the sidewall of 
the CNN and branch out form a second CNF with the body catalyst now being the 
top catalyst of the new branching CNF. The original CNN remains the same 
except that it becomes slightly thicker due to carbon deposition on its side wall. 
This branching was observed in almost all the CNNs.  Branching, instead of 
reversible growth might be the result of the needle-like shape of the tube above 





~ 130 ~ 
 
 
Figure 5-14: SEM images of: (A) as-grown CNNs and (B) the same CNNs 
subjected to a second growth which causes branching to form a second tube. The 
second growth was carried out at 700 °C at a pressure of 7.5 mbar in a 5:1 





In this chapter, we have discovered, first in the community, CNNs forms 
during etching when the Ni catalysts at the top of the CNFs split into two particles. 
The effects of plasma power, temperature and gas ambient are examined on the 
formation of CNFs and CNNs during PECVD growth and plasma-enhanced 
etching. One particle remains at the top of the CNF, and continues to wet the top 
cap, while the other larger particle travels down the interior of the CNF to etch 
graphitic walls and cups, which enable to change the CNF inner microstructure. 
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Chapter 6                                      
Field Emission Studies of Vertically 







Carbon nanotubes (CNTs) are considered to be a promising candidate for 





mechanical strength [14] and large height-to-radius ratio. Of the 
various chemical vapor deposition techniques used for the synthesis of CNTs, the 
plasma enhanced chemical vapor deposition (PECVD) technique is most widely 
used to grow large area vertically aligned carbon nanotubes (VACNTs). It should 
be noted, however, that the CNTs synthesized by this method are generally 
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There are quite a few experimental reports on the characterization of field 
emission properties of CNTs and CNFs. In these studies, CNTs or CNFs with 
relatively good control of tube or fiber geometry, location, and density were 
achieved using different catalyst patterning methods. These catalyst patterning 
techniques include electron beam lithography (EBL) [37], nano-sphere 
lithography (NSL) [39], nano-imprinting lithography (NIL)
 
[40] and the use of 
porous anodized aluminum oxide templates (AAO) [41][42]. Among these 
techniques, some provide very good control of catalyst geometry and location, but 
are costly and produce small areas of device coverage (e.g. EBL). Others provide 
relatively large areas of device coverage but suffer from restrictions on the 
catalyst geometry and location (e.g. NSL, AAO) or the need for fairly 
complicated processes to change geometry parameters (e.g. new masks for 
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On the theoretical side, a study by Nilsson et al. [15] on the influence of 
the distance between adjacent CNTs predicts that the ―Screening Effect‖ can 
significantly deteriorate field emission characteristics of CNT arrays. This study 
has been widely cited by researchers working in this field. Nilsson et al.‘s 
theoretical study was based on a two-dimensional simulation of thin (2 nm in 
radius) CNTs, and arrived at a conclusion that the optimum field emission 
performance could be achieved at a ratio of intertube distance (D) to tube length (l) 
equal to two. These conclusions were found to be at variance with experimental 
studies [41][42], probably due to (i) the prediction was based on a two-
dimensional electrostatic simulation of CNT/CNF arrays (a line of emitters) while 
experimental results were obtained from three-dimensional arrays, (ii) patterned 
CNTs or CNFs in practice possess a tip radius much larger than 2 nm. Recently, a 
three-dimensional simulation study on field emission from CNTs found that the 
best field emission enhancement requires a ratio of intertube distance (D) to tube 
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In this chapter, we attempt first to characterize the field emission 
properties of our CNNs; we also aim to resolve the discrepancies outlined in the 
previous paragraph regarding the optimal condition for field emission of 
CNFs/CNNs. We made use of the templating method described in Chapter 5 to 
control the size of Ni catalysts with a fixed separation and controlled the length of 
CNFs such that a systematic study on the influences of (a) Interfiber-Distance-to-
Fiber-Height-Ratio, and (b) the Fiber Aspect Ratio (tube length over tube radius) 




6.2 Geometrical tuning of Carbon 
Nanoneedles array 
 
The VACNFs field emission property testing is conducted under ultra-
high vacuum chamber at around             , as shown in Figure 6-1 (A). 
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VACNFs sample is clamped between a cathode and a 50 µm nonconductive 
spacer. A 2 mm hole is at the center of the spacer so that the tunneling current 
from VACNFs sample will pass through the hole and collected by the above ITO 
glass that connected to the anode. P24 is an optional layer that can be applied on 
the ITO glass to observe electron luminescence. Above configuration is 
demonstrated in Figure 6-1 (B), (C) and (D). 
 
 
Figure 6-1: (A) UHV Field emission test machine. (B) Schematic demonstration 
of sample holder and the layout configuration for sample testing. (C) Front view 
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of the sample clamped in its holder. (D) Side view of the sample clamped in its 
holder. Bronze pin links to the cathode while the aluminum pin links to the anode. 
 
In the field emission study of CNTs/CNFs, the field emission 
enhancement factor (β) is frequently used to characterize the field emitter 
efficiency. From a simple electrostatic model, the enhancement factor for a single 
CNF or CNT, βsingle, can be estimated from the geometry [119] of the emitters:  
  β
      
 β
   
 α                                                (6.1) 
where β
   
 is the extra localized field enhancement from the upper tip of the CNF, 
and will be quite different for different tip shapes (open tip [120] [121], sharper 
tip [122] or cone-shaped tip [123]), and α is the CNF aspect ratio, α     , where 
l and r are the length and tip radius of the CNF, respectively. 
 
When considering the screening effects of CNTs, a parameter (Γ) that 
takes into account the ratio of the interfiber distance (D) to fiber height (l), 
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β  
β      
               
 β
   
 α  Γ                             (6.2) 
In the present study, to investigate the influence of Γ and α on β, two sets 
of samples were synthesized with a fixed period of the inverted pyramids (i.e. D = 
1.1 μm) but different catalyst sizes of 200 nm and 100 nm, respectively, as shown 
in Figure 6-2. In each set of samples, by controlling the growth time, CNFs of 
different lengths (l) of approximately 550 nm, 1.1 μm and 2.2 μm were obtained, 
and thus provided sets of samples with Γ = 2, 1 and 0.5, respectively. The aspect 
ratio of samples in Set I (r = 200 nm) was half of that of the samples in the same 
row in Set II (r = 100 nm) of Figure 6-2. 
 
It should be note that in Figure 6-2, the contour of the original pyramid 
has become rounded. This is a consequence of the etching of silicon by the gas 
mixture
 
and the deposition of a layer of amorphous carbon (confirmed using EDX) 
on the Si substrate during the CNF growth. The amorphous carbon layer links the 
CNFs with the substrate and facilitates current flow for the field emission testing. 
The inter-hollow nickel nanopyramid enables us to grow mostly single CNF from 
a catalyst size up to 200 nm. 
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Figure 6-2: SEM images of patterned Ni catalyst arrays (A) and (E) and VACNF 
arrays (B-D, F-H) presenting (left) Set I (200 nm Ni catalysts) and (Right) Set II 
(100 nm Ni catalysts).  The period of the array is 1.1μm. The CNF lengths are of 
550 nm, 1.1 μm and 2.2 μm going from the top to bottom of the figure. The 
VACNF arrays were viewed at a 45 degree tilted in the SEM. Scale bar 500nm.  
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The field emission tests were carried out using two parallel electrode 
plates setup in an ultrahigh vacuum chamber at a pressure of           Torr. 
The emission current (I) in log scale versus the applied voltage (V) for the two 
sets of VACNF samples are shown in Figure 6-3 (A) and (B), respectively. The 
curves are relatively smooth and reproducible. The turn-on voltage was defined 
when I =            (or at a current density of 5 x 10-4 mA/cm2). The Fowler-
Nordheim model was used to analyze the I-V characteristics of the two sample 
sets by re-plotting the I-V data as          vs.    , as shown in Figure 6-3 (C) 
and (D), respectively. From the slopes of each curve, and assuming a CNF work 
function of 5 eV
 
[37],




  , ev5 ,
12391083.6  meVVb , d is the spacer 
thickness between CNF sample and anode, k is the slope of FN fitting curve.). 
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Figure 6-3: (A) Current-voltage (I-V) curve for the set of large-diameter VACNFs 
(~200nm in diameter). (B) Current-voltage (I-V) curve for the set of VACNF with 
small diameters (~100 nm in diameter). (C) Fowler-Nordheim (FN) plot for the 
large-diameter VACNF set. (D) FN plot for the small-diameter VACNF set. 
 
The influence of the screening effect is firstly considered, (i.e. Γ     ) 
on the value of β. For CNFs with a fixed radius r, when fibers are short, the 
screening of the electric field among CNFs will be negligible. As the fiber length 
(l) increases, the field suppression among CNFs increases and thus reduces the β 
value. Secondly, for a fixed CNF length, when the CNF radius r reduced, the 
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interfiber distance D slightly increased (          , period is fixed at 1.1μm). 
Thus, field suppression among CNFs slightly reduced and β values increased. 
Hence, the screening effect is inversely proportional to Γ, and reducing l or r will 
reduce the screening effect and increase the value of β. 
 
 Next we consider the role of α on the β value. Firstly, with r fixed, when 
fibers are short, the CNFs do not protrude from the surface significantly and 
therefore do not enhance the electric field effectively. As the length of the fiber 
increased, field emission is substantially enhanced through the CNFs, and the 
value of β increased significantly. Further increasing l would yield a diminishing 
increase of β value. Nevertheless, the β value is always proportional to l. 
Secondly, with fixed l, when r reduced, further electric field enhancement through 
the emitter and increased β value was found.  Hence, we find that the β value is 
inversely proportional to r. Since α     , the field emission enhancement factor 
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Figure 6-4: (A) when increase fiber length l, there is a tradeoff. (B) When 
decrease fiber diameter, both factors increase β. 
 
Equation 6.1 indicates that the β value depends on both Γ and α. Firstly, 
with the value of r fixed, when CNFs were relatively short (i.e. in region A), the 
screening effect was insignificant and increasing l would significantly increase the 
β value. Hence, α is the dominant factor when l is small. When CNFs are 
relatively long (i.e. l is large, in Region B), Γ will decrease and α will increase at 
a diminishing rate as l increases. This means that the screening effect gradually 
became more dominant and reduced the β value. Hence, when increase l, there is 
a tradeoff between increase α and reduce screening effect, as demonstrated in  
Figure 4-6 (A). The different dominating mechanisms that are responsible for the 
variation in β values in regions A and B and give rise to a maximum β value at Г 
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= 1.  Secondly, with fixed l, when r reduces, the screening effect is slightly 
reduced and α increased, both of which increase the β value, as shown in Figure 
4-6 (B). This is in agreement with data shown in Figure 6-5 that indicate that for a 
fixed Γ value, the CNFs with smaller r always have a higher β value. 
 
 
Figure 6-5: Field Emission Enhancement Factor β vs. interfiber-Distance-to-
Fiber-Height Ratio Г, showing our results with those of Sun et al.‘s [41] [42] and 
Teo et al.‘s [37]. (X-axis is in Log scale). 
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For the samples prepared by the Cambridge group [37], the Γ value of 
VACNTs or VACNFs was fixed at two, which they indicated was in agreement 
with the prediction of Nilsson et al. However, no systematic study of the effects of 
α or Γ on β was carried out to validate the theoretical prediction. Suh et al. 
performed field emission studies on CNTs with different values of Γ and α. They 
demonstrated that the maximum value of β was obtained when Γ equals to one, 
and a higher α resulted in a higher value of β [41][42]. The first conclusion of Suh 
et al. contrasts with the prediction of Nilsson et al. but is in good agreement with 
our present results.  One possible reason for this discrepancy might be due to the 
fact that the aspect ratio α in Nilsson‘s work was fixed at 500 (2 nm in diameter 
and 1μm in length), while the aspect ratios in the present work and that of Suh et 
al. were much smaller (3~20). Nilsson et al. did not simulate the field emission 
characteristics of CNFs in the low-aspect-ratio regime, and therefore only one 
dominant factor, the screening effect, was considered. The second conclusion of 
Suh et al. is that higher value of α resulted in a higher value of β is complicated by 
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A notable feature of this work is that the experimental results are in good 
agreement with that of Suh et al., despite the fact that very different patterning 
techniques and geometry parameters were used in the fiber growth in the two 
studies. This suggests that the value of β is mostly fixed by the values of Γ and α. 
 
Some preliminary experiments on the reliability of VACNFs samples have 
also been carried out. The CNFs samples were placed inside the field emission 
chamber under a ultra-high vacuum (~10
-9
 Torr) at a fixed electric field and tested 
for 24 hours. Generally, all the CNFs survived such testing conditions with a 
relatively stable current density under prolonged period of testing. For example, 
we have tested a set of CNFs with 200 nm in diameter at the prescribed conditions 
at an electric field of 1 V/µm; the current density remained stable at around 0.1 
mA/cm
2
 for 24 hours, as shown in Figure 6-6. The ―tip-catalysts‖ were gradually 
evaporated during the field emission process, which is evidenced by the slightly 
increased vapor pressure after the electric field increase at certain level. It has 
negligible impact of the field emission characteristics as the current density kept 
stable since emission started. 
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Figure 6-6: Stability test of VACNFs sample. Current density is relatively stable 












In summary, using our method described in Chapter 5, we were able to 
produce large area VACNNs with good control of the fiber‘s diameter, spacing, 
length and tip sharpness. The influences of the interfiber-distance-to-fiber-height-
ratio and fiber-aspect-ratio on the field emission enhancement factor have been 
systematically studied and found that the optimum condition occurs when the 
interfiber-distance-to-fiber-height-ratio is equal to 1. This systematical 
experimental result is consistent with other experimental data in the literature, but 
at variance with theoretical predictions. We have suggested possible reasons for 
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Chapter 7                                   




In this thesis, a technique for synthesis of large area and well-ordered 
template-assisted silicon nanowires and carbon nanotubes/nanofibers on silicon 
via laser interference lithography and catalyzed growth from the vapor has been 
successfully developed.  
 
Firstly, the study focused on the preparation of metal catalyst for the VLS 
growth of silicon nanowires. Simply dewetting gold film on flat silicon surface 
was found difficult to control gold nanoparticles‘ size and location.   Two-
dimensional inverted pyramid arrays were fabricated and successfully obtained 
ordered gold nanoparticles with predetermined location and controllable size. The 
Au nanoparticles array was then used as catalysts for the growth of silicon 
nanowires via the VLS mechanism. The nanowires are of uniform diameter, with 
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one wire grown from each pit. The nanowires, however, are randomly oriented as 
a thin layer of native oxide exists between the Au particle and the pyramid wall, 
and this prevents the wire to grow in the orientation of the wall. In order to 
remove the oxide layer sandwiched between the Au nanoparticle and pyramid 
wall, various dry and wet cleaning methods were carried out. The attempts were 
however unsuccessful in removing the oxide layer. 
 
We have also attempted to synthesize large area vertically-aligned carbon 
nanofibers. By using similar patterning method with slight modification, nickel 
nanopyramids array was synthesized as the catalyst for carbon nanofibers (CNFs) 
and carbon nanoneedles (CNNs) growth. Vertical aligned CNFs/CNNs were 
grown by plasma enhanced chemical vapor deposition (PECVD). The effect of 
plasma power, temperature and gas ambient is examined on the formation of 
CNFs and CNNs during PECVD growth and plasma-enhanced etching. CNN 
forms during etching when the Ni catalysts at the top of the CNFs split into two 
particles.  One particle remains at the top of the CNF, and continues to wet the top 
cap, while the other larger particle travels down the interior of the CNF to etch 
graphitic walls and cups. Another set of experiments were carried out with CNNs 
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that have body catalysts embedded approximately midway down the CNNs. 
These samples were placed in the PECVD system and re-started the growth 
process at the original CNF growth conditions. It is interesting to note that at our 
standard growth conditions, the body catalyst manages to ―break through‖ the 
sidewall of the CNN and branch out to form a second CNF with the body catalyst 
now being the top catalyst of the new branching CNF. The original CNN remains 
the same except that it becomes slightly thicker due to carbon deposition on its 
side wall. 
 
Finally, field emission properties of obtained CNNs were dtermined by 
good control of the CNNs‘ diameter, spacing and length. The influences of the 
interfiber-distance-to-fiber-height-ratio and fiber-aspect-ratio on the field 
emission enhancement factor have been systematically studied and found that the 
optimum condition occurs when the interfiber-distance-to-fiber-height-ratio is 
equal to 1. The conclusion is consistent with reported experimental data in the 
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7.1 Future works 
 
CNTs/CNFs are the best known field emitters of any materials. This is 
understandable, given their high electrical conductivity, and the unbeatable 
sharpness of their tip, which means that they emit at especially low turn-on 
voltage, an important fact for building electrical devices that utilize this feature. It 
also demonstrates extraordinary carrying capacity and reliability under high 
current densities (>10
9 A/cm2) at temperatures up to 250 °C and for time scales up 
to 2 weeks [124]. An immediate application of this behavior receiving 
considerable interest is in field emission flat-panel displays. Vertically-aligned 
CNFs (VACNFs) array obtained in this thesis are easy to be customized into 
different pixel sizes to meet industry requirement and standards. Besides, the 
optimum VACNFs geographical configuration (interfiber-distance-to-fiber-
height-ratio is equal to 1) proposed in this thesis would be helpful to increase 
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Several further developments are recommended. Firstly, the optimum 
geometry configuration obtained in this thesis aimed for getting the highest field 
enhancement factor β. However, another important factor, the threshold electric 
field (E Threshold), might be also very crucial especially when take energy 
consumption efficiency into consideration [124]. Hence, a systematical study 
should be conducted to understand the dominant factor of energy consumption 
efficiency and then design a comprehensive optimal geometry configuration. 
Secondly, the ―tip catalyst‖ of CNN gradually evaporates out during electron 
emission and this would coat a thin layer of Nickel on the anode which would 
possibly short nearby pixels and hence reduce the resolution. Therefore, how to 
remove ―tip catalyst‖ but keep the tip shape would be a challenging work to be 
done before packaging the VACNNs array into prototype FED.  
 
Integrated circuit interconnect is another straightforward application for 
VACNFs arrays, due to its extraordinary electrical [125], mechanical, and thermal 
properties [126] [127]. Several studies, both theoretical [128] [129] and 
experimental [130] [131], has demonstrated a good conductance compared with 
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traditional metallic nanowires. To make use of the VACNFs obtained in this 
thesis into a practical interconnect array, further research should be addressed on: 
1) how to synthesize VACNFs array in a low temperature which will not cause 
any unwanted silicidation; 2) how to chop-off the tip catalysts of the VACNFs 
array in a uniform manner; 3) a study of the contact between silicon substrate and 
CNFs—ohm contact is preferred. 
 
Besides the potential applications in the area of nanoelectronics, VACNFs 
array could also play an important role in biotechnology since it effectively 
performs as nanoelectrodes due to CNF small sizes but large surface areas and 
hence is able to access the 3D neuronal network [132], cells detection [133] or 
DNA/gene delivery [134]. Successfully integrated hybrid combination of cell and 
synthetic nanostructure was demonstrated that bio-functional properties of 
VACNFs, which is a critical enabling step in the realization of hardware tools that 
couple modeling and experiment in genetic circuit and network exploration and 
design. Large area and well ordered VACNFs array synthesized in this thesis 
provides a cost-effective way to obtain geometrical tunable platform for 
Chapter 7 
 
~ 154 ~ 
 
genetically manipulating cells and providing deeper insights into the complex 
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